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OBJECTIVE
Develop the theory of soil vehicle mechanics into a more
accurate tool for the design and evaluation of cross country

vehicles.

RESTLTS
Several suggestions for improving the basic soil mechanics
are made, including a new sinkage equation and a method for

dealing with slip sinkage.

CONCLUSIONS

Soil vehicle mechanics theory must be based on the static
equilibrium theory for incompressible soils that is used in

foundation engineering.
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ABSTRACT

A proposal is made that the Land Locomotion Laboratory
spproach to soll vehicle mechanics be modified so that all the
surve-fitting equations used are based on theoretical analyses
approximately valid for incompressible rigid soils. The
equations would have to be chosen to include the effect of
compressibility also, and they would therefore be partially
empirical but each would have a definite theoretical basis,

This concept has been applied to several owtstanding
problems and leads to new solutions, The importance of curve-
fitting procedures is emphasized and a new non-statistical
method preposed, It is shown that the current pressure sinkage
equation p = kz" should be replaced by ome of the form p = !({0
and this is justified experimentally., It is concluded that the
results frem circular plates cannot in gemeral be applied to
vehicles, leng rectangular plates being necessary.

Considerations of plastic equilibrium lead to a new
oequatien for the traction from the sides of a gromsered track.

A detailed analysis of the excavating effect of lugs has boon'
made and a new conclusien is reached. Some efiorts were devoted
to a study of surface shear devices for measuring shear strength
and it was found that in frictional seils they give a lower valme
of § than oonfinod tests. Suggestiens for their modified design

and use are made,




It is shown that current methsds of determining soil
deformation by superpssition of the effects of horizontal and
vertical lesds taker separately, are wrenyg and can lead to
serious over estimates of vehicle performwance, The additional
factor is called slip sinkage and it was found to be important
fn sand but less sc¢ ir clay. Anr anslysis is made whichk expléins
this, gives some insight Into the physical! nature of the
phkencxzenum and may provide the basis for s theeretical study of
equilibrium sinkage under combined loads., A method is propésed
whereby data from existing Bevimelers may be used to predict

slip sinkage.
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IR TION

The use of vehicles for off the read transport is growinag
rapidly. Agriculture is becoming mechanised all over the world
and farm tractors are being used ir more and more difficult
soils, even in such extreme conditions as rice paddies and peat
bags, Timber is now being sought {n mere remote plapa: and the
extraction of wood from such areas as the Canadian Muskeg poses
s very difficult tramsport problem., Exploration together with
the subsequent oxbloitation of areas rich in oil and other
minerals is also proceeding in the more inaccessible regions and
vehicles to carry men and machinery for these purposes over the
shews, tundras and deserts of the world are growing in number.
The develepment of atomic weapons has regquired a great insrease
in emphasis on military mebility., The enormons destructiveness
of modern weapons requires that armies be able to operate in
small units capable of rapid dispersal and equally rapid
combination in order to aveid or mount an offensive quite
fadependently of the normal static means of transport which must
be asswmed to be destroyed, Recent applications for off the road
vehicles have resulted in a steady growth in the productien of
such machines and an equally continwous proliferation of vehicle
forms. The more difficult the propesed environment and the more
exotic the vehicle, the more interest there is in the relation

between the vehiecle and the surface over which it moves.




The study of the general relationship between a vehicle and
fts physical environment is quite novel and has no generally
sccepted mame but has recently been called Terramechanics, It is
concerned with the performance of the vehicle in relation to soft
seil, obstacles, vibrations due to rough surfaces and water
croessing. The major problem is undoubtedly soft sofl and the
detailed analytical study of the relation between vehicle
tractive performance, vehicle dimensions and soil properties is
new generally called soil-vehicle mechanics., This study is in
fts infancy and as will be shown later is at present incapable of
dealing adequately with ever a wide range of deep uniform soils,
Claims have been made that particular theoretical systems are
capable of general application to any real scil in the field,
imcluding for exsmple layers? conditions, [t is the writer's
epinion that such claims are unjustified, particularly when the
theoretical mechanics is based on data from imstruments which are
smaller than the vehicle and irn a sense models of its action,

The true cbjeciive cf soil-vshicie mechanics research today is
the quantitative understanding of the performance of simple
vehicle runrning gear in deep uniform soils (wsually in the
laboratory). This will provide guiding principles for more
rational design, evaluation and test procedures and an
intellectusl framewc:! irnto which field experience can be fitted
to make a comprehensible picture,

The study of soil vsiicle mechanics can be traced back 120

years te the work ef Morinl on the relling of rigid wheels on




soft and hard surfaces. Apart frem the work eof Roynoldtz.

s and Goriachkil‘ little real pregress was made until

Berastein
the Sceond World War and its major mechanised campaigns, The
exporience of the Germans irn the mud and snow of Russia and of
the British in the wet clay of the North German Plains fecused
attention on the meblility preblem, Since them considerable
efforts have been put inte the study of seil vehicle mechanics
and seme pregress has been made., The approaches to the preblems
favelved have been remarkably diverse and can perhaps be listed
in the foellewing groups.

(2) A theeretical approach based on civil engineering seil
mechanfes,

(b) Anm analytical approach using semi-empirical seil stress
defermatien relationships.

(e) 1Index systems based on attempting to describe soil
characteristics by means of a single simple measuring
device.

(d) MNedel experiments using dimensional analysis ‘te
systematixze the results,

(e) A rigerous mathematical appreach based en the tioorj of
plasticity,

The first approach utilizing oivil engineering seil
mechanics has )con developed in England by the F.V.R.D.E, and its
. predesessors, The work originated frem the decisiens of the Nud
Committee which was set up whern the tamnks, which had been se

ll.tocct;l in the North African Desert, became immodilized in mud




first encountered in Italy in the winter and later on a much
larger scale in North Germany, Micklothwaites made the first
brilifant application of Coulomb's eguation to predict the
maximum possible tractive effort of a vehicle, He was followed
by Ev:n:s. Sherratt and Uffelman7 who concoerned themselves only
with frictionless ssturated clay scii, They weres able to
describe the pressure sinkage relationship for such a s0il by the
simple equation p = k (i.,e, independent of sinkage) and the shear
stress-defoermation relation by s = ¢ (i.,e, independent of slip
above a certain low valvs), Duecsuze these relationghips were so
simple they were able 12 gpply thsm to quite compliicated vehicle
forms such as resilisnt trascts, smooth wheels and wheels with
large lugs. The theoretical work was supported by adequate
experiments snd it can be concluded that a reasonably accurate
scioentific theory has hLeen developed fer clay soils,

Bekker, working first for the Canadian Army and later for
the U, S, Army, initially followed this approach and made some
outstanding contributiens to what he called the stability
preblcl.a This work led him to the coaclusion that no general
theery warz possible without the use of stregg-gtrain or stress-
deformation relaticonships, He therefore developed a
comprehensive anaivtical approach thai would cater for frictional
and coeapressible scii: 2: well as 0187.9 10 Thisz made quite
explicit the basic propasition that vehicle behaviour would be

interpreted in terms of tha reaction of gsoil to simple plate

loading tests, This had aiways besn implicit in the British




approach., He proposed that the relation between pressure and

sinkage in a plate penetration test could be described by:

p=[£.e + k,]:" 1.1.
b

where b is a dimension describing the plate size and kc' k¢ and
n are soil stress deformation paramsters. Janosi and he further
proposed that the results of horizontal shear plate tests should
be described by: |

L
J

35(0+otan a) (i1 -~ o ) eees cen e 1.2,

in which ¢ and § are the Coulomb soil constants and k is a stress
deformation parameter., These equations were then applied to
certair simple vehicle forms such as rigid tracks and rigid
wheels and theoretical relationgships chtained between drawbar
pull and slip,

Index Systemg using various forms of penetrometers have
been tried out in both Civil and Agricultural Engineering. The
most serious effort, however, has been made by the U, S, Army
Engineer Waterways Experiment Station, who have develecped the
Cone Index, This system usez a standard Cone Penetrometer which
was originally developed as a simple tool suitable for
trafficability studies and for use by troops in the field for
making tacticzl decisiong during combat, It has been developed
to serve: this purpose well., Soils have first to be clasgified
into types and so far, fine-grained soils and sands have been

thoroughly investigated and muskegs and snows less




comprehensively., In the case of clay it car be assumed that the
force required to push the penetrometer in the ground {s constant
and therefore a single number called the Cone Index is obtainable,
In sands, by assuming that the force will grow linearly with
sinkage, once again a single number representing the increase in
pressure per unit of depth can be used as the Cone Index.

The use of the Cone Index system in trafficability and
other military field situations seems to have been very
successful, Its use as a bagis for studies of goil vehicle
mechanics appears to have besen 2 matter of political exrecdiency
rather than scientific judgement, Even allowing for the fact
that classifying the s0il type avolded the attempt at 3 general
system, it is obvious that the Cone Incex combines together too
many separate soil properties in proportiorns quite different to
those of the vehicle situnticns. FRacent work‘gas shown that the
forces on a soil cutting blade can Le accurately defined in
terms of ¢, B, ), ¢, and //, but they cannot be defined in terms
of any porticular combinaticn of these, The vehicle problem is
very similazr to that of the blade and the same principle will
spply. The use of the Cone Index in soil vehicle mechanics is
snhalagous to an altempt to base fluid mechanics on a single
constant combining both viscosity snd density, Now, apparently,
this approach is being z'andoned.

Mcdel experiments were first undertaken by Nuttall12 who
attempted to use similituds principles as they are used in naval

architecture. He noted that the selection of suitable parameters




to define the properties of the goil was a major difficulty, His
work extending over a lorg period hss recently tried to use
either the Cone Index or agnother single corstant derived from
plate penetration tests to describe the soil and some success

has been achieved, M*Ewen and Willettsz, Newcastle, England,
attempted to define soil properties in terms of ¢, # and ¥ .

13 tried to use Bekker's empirical parameters to

Vincent & Hicks
describe the results of their model experiments,

It has become perfectly clear that the model work will
never be entirely satisfactory urtil a firm theoretical basis
is available whick will previde the correct soil-describing
constants., It is ofter not appreciated that the dimensionless
groups in fluld mechanics are not curve-fitting parameters that
happen t¢ collapse experimental dats. The Reynolds number for
example was proposed by Osborne Reynolds as the consequence of
an unsuccessful sttempt to solve the Navier Stokes equations for
friction in pipe flow., The importance of the number he confirmed
by subsequent experiments. The writer has recently been
concerned with w@xk4%n seil-~cutting blades where it was possible
to develep an sccurste theory inm terms of c, b,)’./ﬂ and Cy*
Dimensional analysis was then used to reduce the number of
variables. Bscause the soil parameters involved were part of a
theory showe to be sccurate by adequate experiments there can be
no doubt that the dimensional analysis is correct. It seems

clear then that model techniques will not be applied

successfully to the soil vehicle situation until a firm




theoretical foundation is available,

Attempts to solve soil vehicle problems by means of
plasticity theory have fasiled because soils do not behave as
ideal plastic materiais, The development of suitable stress-
strain relationships for soils is a perfectly proper field of
endeavour for the applied mathematicians, However, it has be-
come perfectly clear that thay sre primsrily concerned with the
construction of logically correct systems of ever increasing
complexity rather than the solution of engineering problems,
There is a danger that this spprcach will obscure the
possibility of advance c¢r ¢ sinpi‘{ied and ner-rigorous but
perfectly adequate enginecering lhasis,

Periiaps in order to comnlete this review scme mention of
Russian werk sheuld ke made. Basad on the work of Goriachkin it
assumes that seil resists deformaticn by stresses in the opposite
direction to the deformation and of magnitude preportional to the
defcrmation., Numerous thecretical papers on this basis have been
translated but they appear to centain little experimental support.
The assumption used seems so unsophisticated that one can only
assume the serious Soviet effort is reported elsewhere.

It seems clear from this brief summary of the work that
has been done so f«r that the immediate tagsk is to develop a
general theorstical spricech comparable to the British but
applicable to frictiecnal and compressible sofils. Bekker's
approach, which is the ouly one that offers any chance of such

generality, must therefcre be censidered in more detail,




Dees ths system in fsct zctually work? This question couid be
answered by means of experiments in whioch the tractive effort of
rigid wheels and tracks as a furoction of slip is investigated in
eontrelled and meagured goil conditions, 1In fact very few such
experiments were carried out during the development of the
system, It can therefore be stated at the cutset that Bekker's
system is not a2 scientific theory but 2 hypothesis,

Prebably the mogt comprehensive independent attempt to
invectigate the validity of the Bakker system has bheen made by
the Department of Agricultural Engineering, University of
Newcsztie upon Tyne, England. This work was supported by the
Fighting Vekicles Resesrch and DNervelepment Estgblichment and a
sumesry of the results of the firzt four years work up to the
Summer e¢f 1962 kze beon described in ¢ F.V.R.D.E, Repﬁrt.l4
Mogt of the conternts of thkis report hsve been published in
references 15 and 16, Bekker gcl)l velues in sandy soils were
meagsured and spplied to the prediction of the performance of full
sized rigld tracks in the field, and small model sized tracks in
laboratory conditions, Since the Report was writien, further
work hss been ccerducted on the relling resigtance of rigid
wheels,

The Bekker equations were applied to the results of many
shear plate and footing tests on a variety of sandy soils,
Equation 1.2 was found to deccribe the results reasonably well
although it may reguire some plight modification in order to

allow for the sgize of the lcading ares and its mean contsct
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pressure, Equation 1.1 was net se satisfactory; the
experimental pressure-sinkage curves wera never quite straight
when ploetted on legarithmic coerdimates, A technique is
therefore needed te select the Dest fitting straight lime and to
measure the error invelved in using it instead of the actual
curve, Nevertheleszs it appears that the equation p = k*z®
and certainly the modified form p = Py * k*x" do fit the facts
reasonably well, with n a soil eonsztant, and k' a function of
soil and the strip width b, Tae main doficlency in equation 1.1

was found te be inm the relatfon ir2twesn k' and b expreszsed by

k
' —%

Wills showed that equation 1,2 works waell in predicting the
51ip-pull relationship for full sizecd yigid tracks operating
without large sinkager. PReece and Adams demonstrated by means of
experimants with a model traekleyor thut this agreement
deterioreted as the scil becenms waaker and sinkage increased,
This was explained as being the result of arn irnteraction between
the vertical and horizontsl leadingg. 1Iv was conclnded that
ecusticns 1.1 and 1,2 carnot be applied to a vehicle by simple
vecter addition, making uvse of the principle of superposgition,

Additionznal simkage was found tc cececur because the horizontal

loads reduced the cuprcity of the soil to support vertiecsl leads,

This phenomenon was callz? elip sinkage.

In the umpublished rciling resistance work the Bekker

predicticr was generally les: thuin the measured value, It was

10



encouraging to observe, however, that the theoretical curves
differed from the actual curves in a very systematic way.

Analysis has shown that the Bekker theory generally underestimates
the sinkage and therefore gives too low a value for the werk done
in making the rut, When the measured sinkage is used in

computing energy losses, there is still a deficit; and this can

be attributed to horizontal deformation of the soil due to the
slip or skid of the wheel.

The general conclusicern was that the usual concept of
rolling resistance of a towed wheel (as being due to the work
done in deforming soil vertically) is greatly oversimplified,
and only applies to very small sinksges. In fact work is also
put into horizontal soil deformation which results in siip and
slip sinkage., Even at small sinkages the theory is inadequate
as it does not correctly describe the magnitude of the sinkage
or the resulting pressure distribution.

The preceeding survey of the field of soil vehicle
mechanics in general and the Bekker (or Land Locomotion
Laboratory) system in particular represents the overall view
of the auther when commencing a year's Sabbatical work in the
Land Locemction Laborastery., It was clear that there was no lack
of technical problems te¢ investigate, and of these the mechanics
of the slip-gsinkage phenomenor wass perhaps the most interesting.
However, it aﬁpeared mere impertant to try to tind‘a general
approach that could poessibly unite the conflicting schools of

thought in this field. For this reason an effort was made to

il




involve 2s many aspects of soil-vehicle mechanics as possible,
The slip sinkage question is very suitable in this respect
because it involves the relation between the two fundamental
Bekker tests and therefore the whole of the underlying soil
mechanics.

There finally emerged a general point of view that may well
provide the necessary unification. It is based upon the premise
that the relation betweern vehicles and soil can be explained in
terms of the reaction of soil to simple plate loading situations.
This may not be true, but there seems no alternative at the
moment, and it is certeinly & proposition common to the British,
Bekker, Cone Index and Model azpproaches, It is then agreed that
the results of the plate tests must be described in terms of
enpirical curve~fitting equatioens ag in the Land Locomotion
Laboratory System, It is proposed, however, that these
equations be chosen so as to fit theoretical solutions based
upon the normal Coulomb plastic equilibrium approach which assumes
the soil te be incompressible and to require zero shear strain to
reack shear failure. .Such theoretical solutions are supported by
the conzidershle achievement in the field of soil mechanics of
foundations, bascd on the work of Terzhagi, These theoreticazl
epproaches yleld gnsvers either in the form of very long
eguations (for examplie Osman worked out the equation for the
force on o c&itinq blede and it occupies a closely typed page)4o
er more usually computed numerical relationships., These are

both unsuitable for use in a general soil vehicle mechanics, but

12
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can be deseribed by Bekker-type curve fitting equations which

can be of simple form without excessive inaccuracy, The curve-
fitting equations will be chosen so 25 te mccommodate the
additionzl factoy of compressibility, by 8 mixture of experiment
and intuition., Ideally ther, the new Bekker-type soil parameters
will be computed functicne of ¢, # and ¥ for soils at maximum
density, but empiricsl constants for lecose soils, A further
development may later bheeome pessible ia which new approaches to
seil mechanics, empbasizing the particulate nature of soils, as
in the work of P, W. ROW@IT at Manchester and K., H., Rosece end

18 at Cambridce, are uwszed to obtain theoretical

A, N, Schofield
gsolutions allowing for compressibility as well,
The horizontal shear~defermatiorn equation 1.2 is already

of the propesed form. If ¥ is zere then it reduces to
s =c+ 0 tan #, the noermel Coulomb equation, and this condition
of shear failvre at zeyxc shear strain is a besic assumption of
classicel plastic equilibrium s6il mecharics., The effect of
deformation is introduced in such & way a&s to leasd to a
perameter K of constart dimension imwﬂle At first sight it
appears ¢dd that the stress is s function of deformation rather
than deformation divided by & characteristic dimension of the
zone of goil stressed by the shkesr plate, which would result in
g dimencionliess K, Sonmz of the work at the Univergity of

. Nswcastlelé suggests that this may be o, at least for sand if

not c¢lasy. The main point at the moment, however, is that this

equatiorn is firmly based on scil meckanics theery, that it can

-
(4]




ifnclude the usual simple ideal case, and that it is dimensionally
simple. Wills' experiments lend stromg support to it as a

useful tool. It would be interesting to investigate the shear
stress-deformation relationship in an attempt to determine k as

a function of more basic soil parameters, and here the stress-
dilatancy theories of P, W. Rowe may be particularly relevant,
This would probably clarify the relation between k, b and 0.

The pressure sinkage relationship in equation 1.1

k
P =[';£ + lt9 }zn however, is not so satisfactory. It has no

connection with the pressure sinkage relationships that can be
derived on the basis of incompressible Coulomb materials, It

is dimensionally faulty because both kc and ko have dimensions
that are a function of n and are not constant, and it has not
stood up well to experimental test. It is shown later that this
situation can easily be rectified by the use of an equation of
the form p = f (%) instead of p = f (z). Values of the modified
Bekker constants can then be computed for incompressible
materials in terms of ¢, § and ¥ using the bearing capacity

9 by Meyerhof.2% The validity of

theory developed from Terzaghil
this approach has been demonstrated in the following pages by
pressure sinkage experiments in dry sand, wet sand, and clay.

The slip sinkage problem has been approached by constructing
a suitable apparatus for applying first vertical loads and then

horizontal deformations c¢r lcads axially along a marrow strip

footing., The apparatus has been used so far for a preliminary

14




reconnaissance in the dry and wet compact sand and saturated
elay. The results cculd be described in terms of a third Bekker-
type equation, but in accordance with the previeusly advocated
principle, priority has been given to trying to develop a theory
for incompressible socils, which could be uged as a basis for a
suitable equation. An attempt to apply the results of the slip
sinkage rig experiments to the prediction of the sinkage of a
model tracklayer was unsuccessful, but at least a likely
procedure has been described.

This proposed method then, neatly combines the Beklker and
the British approach, It also offers considerable promise of
providing definite soil parameters for uss in dimensional
analysis., The appliication of this principle should provide
better functions with which to describe the results of plate
penetratiorn and shear tests. There is reason to believe,
however, that this will not be sufficient and that it is
necessary to modify the way in which the simple plate load test
data is fitted into the vehicle situation, This is done at
present in a very simple manner by makiang use of several
assumptions, none of which have been clearly stated, let alone
experimentslly justified, It is possible that improvements in
the theory can be made by acritical investigation of these
assumptions,

The baéis of the Bekker approach is the assumption that
the pressure on an element of & plate that has been pushed down

to a depth z is the same as thet of an element of a wheel or a

15




track, Ip the principal referemces te the Land Locomotion
Laboratery system this assumption is presented implicitly in the
form that the pressure under an element of the vehicle at a

depth z is the same as the mean pressure under a flat plate of
any shape (whether a circle, rectangle or infinite strip) at the
same depth, Once it is stated explicitly, this principle can be
seen to be untenable and this is confirmed in a later section of
this report, A little reflection will show that the basic
assumption of the Land Locomction Laboeratory method can only be
that a crosswise element of xsrez of a wheel or track of very
small width $x at a depth z cerresponds te a similarly rarrow
element rumning right scrog: & strip footing of sufficiently high
aspect ratio to be taken as infinite. This correspondence is
illustrated ir Fig., 1.1, On this basis the principle assumptions
can be listed as follows:?

Assumption 1, The main difference between a crosswise element of
a wheel or track and that of a stfip footing is that neighbouring
elements are not at the same depth and that the element itself is
at an angle @ to the soil surface, Assumption 1 is that this
does not affect the pressure on the element and does not give
rise to a shear stress along its face. There must clearly be a
l1imit which can be exnressed in terms of O, the trim angle of a
track or the angle ¢” (. -lination ef the tangent to the rim of a
wheel. The nature of ¢! 's iimitation needz to be elucidated by
means of experimental z:" possibly theoretfcal investigations,

Assumption 2 is that the pressure on the element is unaffected
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by its proximity to the beginning or end of the contact patch,
This may be stated in another way as the assumption that it does
not matter what the aspect ratio of the corntact patch is.
Assumption 3 is that there is noc recovery of deformation in the
soil in the bottom of the rut, This megns that normal stresses
and shear stresses cease abruptly vertically below the axle of a
wheel.

Assumption 4 is that when a szuccession of wheels follow each
other in the same rut, each wheel seez exactly the same soil as
that preceding it., This assumption is made by the Land
Locomotion Laboratory in its current evaluation procedures but
it is not one made by Bekker. In his first book he assumes that
the pressure required to initiate the sinkage of the nth wheel
is the same as that reached at the maximum sinkage of the
preceding one.

Assumption 5 is that the principle of superposition can be used
so that the results of the two basic soil-plate tests can be
simply applied to the vehicle situation, In particular it is
assumed that the pressure beneath a vehicle element at a depth 2
is the same as that below a vertically loaded plate at the same
depth, even though the vehicle may be applying considerable
horizontal loads as well, It is this éssumption that results in
the division_of the drawbar pull into two separate parts, the
gross tractive effort and the rolling resistance. Its
replacement will necessitate the ugse of a more complex scheme in

which both gross tractive effort and rolling resistanée are
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continuous functions of slip.

Assumption 6 1s that the sinkage of a wheel is small relative to
its diameter, but many soils will permit a wheel to operate at
considerable sinkages and it is very doubtful if such an
assumption is really acceptable., It probably covers most
situations relevant to agricultural tractors but certainly not
the extreme limits of performance that concern the military.

All of these assumptions are clearly reasonable in certain
circumstances, but by now it has become apparent that in
conditions which often exist beneath vehicles some or all of
them may not be applicable. This is probably one of the main
reasons why the theory based on these assumptions has been
supported by some experiments but not by others,

Careful examinaticon of these assumptions, and the
development of methods of dealing with the situations in which
they do not apply, cannot fail to result in progress towards a
better understanding of soil vehicle mechanics.

The report that follows is concerned basically with the
slip sinkage problem and the attempt to replace assumption 5 by
a more sophisticated concept. At every opportunity side issues
were explored in an attempt to relate the Bekker - Land
Locomotion - method to traditionmal so0il mechanics., A certain
amount of success maj) ':v: been achieved and although the report
ratses more duestions tksw it answers, it is felt that at least
it suggests avenues of pcssi‘ble advance. Many of the questions

discussed are left abruptly in mid-argument, This has happened
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because this report is concerned with the writef's fdeas at the
end of a year's effort in Detroit rather than a particular
finished piece of work. The main lines of investigation
continuted the previous work in Newcastle and are being actively
pursued there now, The year in Detroit was a most enjoyable and
stimulating opportunity to carry on the work in the company of an
expert group with a very different history, environment and
purpose, |

In ;his thesis a great deal of effort is devoted to detailed
eriticism of the work of Bekker and his colleagues at the Land
Locomotion Laboratory. It should be made clear that in the
writer's opinion Dr, Bekker has been respensible not only for
laying the firm theoretical foundation upon which any system of
soil-vehicle mechanics must rest, but alsc for the creation of
most of the current interest in the subject‘throughput the
world., It is not to be expected that the details of any theories
in thisg field will survive more than a few years of use, but
instead will be steadily changed and improved. It is hoped that
the suggestions made here will be accepted as just such
proposals for improvement within the limits of the Bekker - Land

Locomotion Laboratory approach.
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A RAT SOIL

2.1, inegr Sh A t

In order to investigate slip sinkage in the simplest
possible circumstances it is necessary to use a straight shear
plate long enough to represent an infinite strip, to be able to
load 1t with dead weights to beyond {ts bearing capacity and to
force it to move horizontally without restricting its freedom to
sink., The apparatus shown in Figs, 2.1.1, and 2.1,2, meets
these requirements in a satisfactory manner.

The counter balanced double parallelogram allows the shear
plate to move freely in a vertical plane but forces it to remain
horizontal, It is moved by a hydraulic ram acting through a ball
bearing roller to ensure that no extraneous vertical loads are
applied. The linkage joints utilize needle roller bearings
which are friction free and set wide apart so that the shear
plate is prevented from falling over sideways. The double
parallelogram can apply a torque to the shear plate in a vertical
plane to neutralize the couple Hh, and it ensures that the
longitudinal distribution of sofl pressure beneath the plate is
independant of W and H, This distribution is therefore only
Qependant upon the soil beneath the plate and will be uniform if
the plate is long encugh to minimize end effects. The dead
weight loading was hung by a spring from a crane and could be

lowered on to the shear plate witheut shock,
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The horizontal lcad H, was measured with a strain gauge
load cell, horizontal movement with a potentiometer, the two
producing a load displacement record on an X-Y plotter, The slip
sinkage trajectory wess plotted direetly on a sheet of paper held
vertically beside the shear plate by means of spring loaded
pencils just below the weight carrier, This trajectory was
later traced or to the X-Y plotter record to preduce records
such as are shown in Figs. 7.2.1. to 7.2.8,

The apparatus waz intended for shear plates 30" long (but
90" is possible) and up to 4" wide with vertical and horizontal
loads of up to 1000 1b, It could move the plate a horizontal
distance of 16" while permitting a sinkage of 8", A check on
the accuracy was made by placing the shear plate on rollers and
making the apparatus 1ift 2 heavy weight via a ¢able and pulley;

friction was found to be negligible.

2.2, Modified Bevameter

An existing Bevameter was modified to increase its vertical
load capacity from 1000 1b, to 2000 1b., This only required the
repositioning of the psnetration c¢ylinder in the centre of the
frame to minimize distortion and the regsetting of the'hydraulic
relief valve,

The shear head was modified gso that sinkage could be
recorded as it was rotated, This was achieved by fitting a
coffee can of the mean radius of the annulus to the torque

shaft, A pen on the frame traced out the slip sinkage trajectory
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as the annulus shaft and can rotated and sank, Torque-against-
twist and load-against-sinkage were plotted on the X-Y plotter
using strain gauge load cells and potentiometers. The Bevameter
is shown in Fig. 2.2.1. where it is set up for very slow speeds
using a triaxial machine electric drive to force oil out of a

ram into the Bevameter ram.

2.3. Model Tracklayer

An existing model of a D.4 tractor was modified to provide
a huch higher clearance so that experiments could be conducted
under conditions of considerable slip sinkage. A 1%" deuble-
pitch conveyor chain was used to'provide a closely scaled model
of a tractor track., It proved impossible te drive this smoothly
and the track vibrations were later thought to have caused
considerable additional sinkage. The replacement of the track
rollers by a skid along which the chain bushes ran was very
successful, The tracklayer weighed 142 1b. and the track ares
was 2 x 16" x 2",vgiving a mean contact pressure of 2,22 lb.in."2

The tracklayer is shown in Fig. 2.3.1. ready for an
experimental run in sand, The associated gadgets are similar to
those made previously in England, The drawbar pull was applied
by hauling weights up a tower via thin wire rope running round
large diameter ball bearing pulleys. The load transfer from the -
drawbar pull and movement of centre of gravity as the tractor
tilted was cancelled out Ly means of a sliding balance weight,

Sinkage at the front and rear of the track was recorded by two

pencils that traced on to a long sheet of paper. Slip, or
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rather distance travelled per revolution of the drive sprocket,
was obtained from marks made on the paper by a pencil actuated
by a solencid switched on and off by a micro switch on the
sprocket,

A simple track link dynamometer to measure the normal
pressure on a track plate as it passed under the tractor was
made and is shown in Fig, 2.3.2, The gauges are arranged to
respond to the moment vV but to ignore Hh and the torque Hv,
Static tests showed that they were satisfactory in this respect,
The device will therefere measure track pressure as long as it is
uniformly distributed across the track, which it will be if the
soil is qniform. The results shown in Fig. 7.4.3. are
disappointing in that they suggest a serious cross sensitivity;
unfortunately there was not time before leaving Detroit to find
out why this happened., A potentiometer connected to a point on
the track chain by a thin wire provided the input to the 'X'
axis and the pressure was shown on the "Y' axis of the X-Y
plotter, providing direct diagrams of pressure against position
along the track.

2.4, Soil‘Tanks and Processing Methods

A minimum of three soils should be used in any soil vehicle
mechanics investigation that is intended to be comprehensive, A
dry coarse round-grained sand and a saturated clay provide the
two extremes énd a lozmy farm soil will enable work to be done in
ac - P soil at a wide range of compressibilities. Because of

the limited time available the loam was left out, but instead
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some work was carried out in the sand in a saturated condition,

This had the same @ as the dry sand plus L lb.in.m2

10
which gives it the great advantage of clearly showing failure

cohesion,

planes where they break out on to the surface,

At the University of Newcastle upon Tyne it has become
standard practice to measure the strength of each soil in as
many ways as possible in an effort to achieve really reliable
vYalues for the basic soil mechanical constants ¢, #, and ¥ .
This had not been the tradition of the Land Locomotion Laboratory,
who had considered that the Bevameter adequately measured "soil
values" relevant to the vehicle situation, There was, therefore,
only a 6 em, square shear box available, However, a "commercial
grade” triaxial machine was quickly obtained and a first class
machine placed on order, A small shear vane (1%" deep x 14"
dia.) was made and also a 5" dia, N,I,A.E, shear box} both of
these were twisted by hand, using torque wrenches, As many as
possible of these devices were used in each soil as well as the
Bevameter and the linear shear apparatus itself,

The minimum quantity of each soil was determined by the
size of the slip sinkage rig and model tractor. A single test
of the rig needed a length of 5', a width of 2' and an absolute
minimum depth of 12%, The tracklayer needed a longer run than
this, and also more width and some existing 10° x 3' x 2*' deep
steel tanks seemed ideal, giving the possibility of two slip

sinkage runs in each preparation,
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In order to ensure a uniform moisture content in the wet
sand it was decided to flood the tank and drain it as part of
each prepsration, (This excellent ides was proposed by E,
Hegedus)., The tank wae flooded and drained from the bottom
using a longitudinal perforated pipe in the centre of a 6" deep
layer of gravel, The gravel was prevented from rising under the
action of the considerable hydrodynamic forces by a cotton cloth
gecured to a wooden frame, The gravel layer was put into all
three tanks, leaving an 18% depth of sand of which 12" was
cultivated, A 13" depth of clay was used,

The marks of a test were removed by pulling a vibrating
cultivator through the twoe sand tanks. The cultivator had X"
square backward raked tines, 2" apart and wes vibrated by a
2000 1b. capscity &0 c.p.s. electric vibrator; it worked 12"
deep, The raking action loocsened the seil and removed the voids
made by preceeding tests while the vibration reduced the draught
and compacted the soil., The t@wiﬁg speed was therefore critical,
as the slower it went the more compact the soll became; and it
was finslly hauled along by an overkead crane via & wire rope
and a pulley block fixed te a2 fork 1ift truek, The rake was
used in the wet sand while it was flooded, After some weeks'
effort satisfactorily reproducible experiments could be csrried
out in the twe sands, as shown Ly the typical pressure sinkage
curves of Fiés. 4.8,1 and 4.8.2,

The c¢lay wzs obtained in zaturated condition from a 30'

deep excavation being msde just outside the Arsernal, It was
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allowed to partially dry out, and most of the large stones were
removed by hand, It was then mixed with water in 1000 1lb. 1lots
in a large kneading machine, water being added until the cohesion

2 Just before the

measured with the vane fell to 1 1b.in.~
final set of pressure~sinkage and slip sinkage tests it was
remixed to ensure uniformity, The holes made by sinkage tests
were removed by stamping in the dluy in bare feet, an energetic
but effective technique. The surface was levelled with a trowel

and between experiments was covered with water to prevent

evaporation,

2.5, Dry Sand

This was a sieved medium sized Ottawa sand, The shear box
showed that at the maximum density of ¥ = .0705 lb.in.-3 p = 36°,
at ¥ = .066 as obtained from the vibrating rake in the tank

g = 32° and at the minimum density ¥ = ,059, @ = 28° 36',

2.6, MWet Sgnd

This was the same Ottawa sand as in the dry sand tank but
contained rather more dirt and a little clay that must have got
in during its long 1ife in the Laboratory. When saturated its

density after cultivating was slightly less than that of the dry

sand at ,064 lb.in.—a, its p the same 32° but there was about
%3 1b.in.'2 cohegsion., The average moisture content was 2,3%.
2.7. Clay

This was obtained at a depth of 30' from the subsoil

beneath the Arsenal, It contained some stones and a little sand
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but not enough te give it appreciable friction, When wet it was
dark grey but became very light in colour when dried. Shear
strength was measured with the vane, N, I A E, shear box, triaxial
nachine’and slip sinkage rig. This resulted in an average value
of ¢ of about 1 lb.in._2 and a negligible value for @ of about

2

8% - checked at up to 75 1b.in.° water pressure in the triaxial

machine,

2.8, Comment

The getting together of the soils and apparatus just
described occupied a considerable part of the year available,
and the major proportion was concerned with the soil, the soil
tanks and developing the vibrating rake technique for the sand
and the kneading-stomping for the clay. It is characteristic of
this type of work in most research laboratories that more effort
goes into preparation than into the actual experiments, This
may not be the most efficient way of doing land locomotion
research, |

The situation can only be remedied by providing several
sofils (at least four: dry sand, wet sand, loam and saturated
clay) in suitable quantities, with preper equipment for powered
. processing to give complete control of density and moisture
content, The processing and measuring of physical properties
should then become a matter of routine carried out by regular
laboratory staff, The same principle would apply to the
provision of obviously desirable apparatus for the supporting

and driving of single wheels and tracks (at beth model and full
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scale) and instrumentation for measuring forces, torques and
soil stresses,

The main obstacle to producing this Utopian situation is
that it requires a major effort which for quite a long period
would detract from the output of research, A second obstacle is
that there are not at present available any completely

satisfactory soil processing techniques.
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3, CURVE FITTING TECHNIOQUE

3.1, lIntroduction

The theory of soil-vehicle mechenice developed at the Land
Locomotion Labevatory depends entirely upen the fitting of actual
soil stress -~ deformation curves with the nearest possible curve
that is described by an arbitrarily chosen simple type of
equation, The esimple equation can then he uged to develop
further equations deseribing vehicle performance, which tend to
becorie complicated, even with a simple starting peint., The
Justification for this precedure is purely one of expediency,
The actuzl equations describing pressure sinkage relationships
in compact soils, for example, are so complicated that using
them in the additicnally complex vehicle situation would be
impossible. The only alternative to the use of a perticular
equation weuld appezy to be the use of a series, a possibility
that does not seem t¢ have been adequately investigated, For

example, it may be mathematically cenvenient te replace

k
p = ,Eﬁ + 39.}zﬂ by p = (A + Cb + Db

.

The curve-fitting proscsss is an explicit psrt of the Bekker

zaooe)(a + ¢z 4+ dzzg...)

system which it has inherited from the work of Bernstein, Other
attempts st interpreting vekicle behaviour always involwe the
same ldea although tivv do not usualily make this very clear.

For example, the wark of [{7c¢iman in elay is baged on an assumed

relstion p = k and that o¢ the Waterwavs Experiment Station at




Vicksburg on p = k for clay and p = kz for sand, It is note-
worthy that both of these are special cases of the Bekker
equation,

The curve-fitting process necessarily introduces an error
into prediction just because the simple equation will not fit
the actual observations exactly, It alsoc introduces a major
intellectual difficulty in the choice of equation constants
which will give the best fit and the measurement of error
introduced because the fit is not exact. There are two separate
problems involved in the curve fitting. One is due to the
variability of the soil which will yield a set of curves for a
single test arrangement., Fig. 3.,1.1a shows the sort of results
that may be expected from a plate penetration test in the field
or in a poorly set up laboratory experiment, The second problem
arises in good laboratory conditions where a single curve results
from s set of tests, but this curve does not exactly fit the
chosen equation, This situation is shown in Fig., 3.1,1b where
the family of curves is sufficiently close to a single line, but
this is not straight when plotted on logarithmic axes. It should
be noted that these are separate problems that do not occur
together, The variability in the field will entirely obscure
the fact that individual curves are not quite the right shape
as long as the soil is reasonably suitable for application of the
particular system of scil vehicle mechanics (not layered for
example), In the laboratoyy the whole object of setting up the

artificial conditions of a soil tank is to make it possible to
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achieve accurately repeatable results which provide the
opportunity to investigate the effect of small changes in the
condition of the test, Figs, 4,8,1, to 4, show the sort of
results that can be obtained from a reasonably well organized
laboratory test and it is plain that the groups of curves can be
accurately represented by mean curves drawn by eye, The problem
is then to fit the mean curve to the equation, A

The field problem is really one for the future since it is
not yet possible to apply soil-vehicle mechanics to the general
case in the laboratory. However it is clear that it will be
necessary to plot all of the results for each plate size
together and represent them by a single line, rather than to fit
each experimental curve with a line and then work with the
resulting empirical constants, Probably it will be possible to
put in a mean line by eye as in Fig., 3,1.1a and use this to
predict vehicle performance adequately, hoping that the greater
areas covered by each vehicle runmning gear element, the wide
spread of the separate elements and the machine's momentum will
suffice to average local differences,

The other problem of finding the best constants in a
given equation to describe a particular curve is one of
considerable current importance., It is involved in basic
experiments to find suitable characteristic equations and in
attempts to use these eguaiions to predict performance.

3.2. Current Methods

The first curve-fitting technique consisted of plotting
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the curves on to log-logdor sehieloQ'axesvand'then fitting a
straight line by eye. While fitting a?set'ofvpoints by a
straight line by skilled eyes can give excellent resnlts on
linear axes, the method falls down due to the distortion produced
by the logarithmic axes, A better method than this was proposed

21

'by the late SQ'J. Welss of the Land Locomotion Lahoratory but

fell into disuse and was reintrodnced by Dr, B, M. D, Wills.15
It consists of comparing the experimental curves with a family
of the selected simple form and choosing by eye the best fit,
It is not really satisfactory in that it involves a subjective
decision and therefore does not give a unique answer, and also
it does not give a measure of the error involved It is also
not convenient for use with equations involving more than one
arbitrary constant, It can be used with

_ , , - 4
s= (c+0 tan P)(1 - e K) .. oo cee by rewriting

. -4
this in the form % = (1 - e K) ese oo but is not
max
kc n
applicable to p = Tt k¢ z coe +es because

of the three constants involved.

A common suggestion that is often made is that if the
experimental curve‘doee nct fit the chosen equation very well
then it can be broken up into lengths and the separate pieces

fitted. This is a useless notion, because it loses sight of
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the object of the exercise, which is to provide soil stress-
deformation data which can be put into the vehicle situation,

It is hard enough to put in the single equation. For example,

in the wheel rolling resistance equation, gross approximations
are already necessary, without making integrations across
discontinuities, If one is forced to go in this direction, then
it is better to go the whole way and use the actual soil strength-
deformation curves and a digital, graphical or analog technigue.
Thi: is incidentally a worthwhile research exercise to enable
errors due to basic assumptions to be separated from those duse

to curve fitting. It can alsoc be a useful teaching method,

The main objection to this is that it makes it impossible to
develop general equations of vehicle performance from which
general comclusions can be drawn, If ever soil-vehicle mechanics
gets away from the limitations of ideal laboratory soils,it will
of course be very much easier to handle field soil-pressure-
sinkage data if each soil can be doscribed by three numbers
instead of two families of graphs; If the existing equations

are found not to give a good enough fit which seems very likely,
then a great deal more can be done in the direction of nsinqk

better equations, For example, it is now well known that

k B
P=P, + [F£-+ k¢] z"

affords a mudh better fit in many cases and the use of the
single extra constant is much prefqrable to doubling the number,

It 15 shown later that p = (k’é ¢+ Yk; %)(-lz; n gives an overall
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better fit without amy extra cemplication at all,

A serious attack en the curve fitting problem was made by
Hanamete and Jobozz in a paper deseribing an experiment to
favestigate the effect of aspect ratio on the pressure-sinkage
relationship for rectangular plates im sand, The method used
lumped the twoe problems of soil variability and curve fitting
together, Six replications of each test were made and very
closely repeatable results obtained over the very small depth
range considered (variation was a maximum of + 6%)., The six
curves for each plate size were converted to digitai form and
then a linear regression used to obtain the “best fitting"
straight lime on log-log paper, treating pressure as the
dependent variable,

In order to facilitate discussion of the technique used,
let it be: assumed that no variation between replications
eccurred; but that the actual curves differed from p = kz" by an
appreciable amount, The method idffcrs from the followiag
theoretical and practical objections,

1, The justification im using a minimum sum of deviations
squared criterion for sélecting the "best” fitting line is
questionable in this case. The normal least squares regression
fellows frem a situation in which the true relation is known to
be linear; the variations are due to genuine errors in the 'Y’
measurement iny: and the distribution of these errors is normal

or Gaussian., These conditions are not met in this case,
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2, There is questionable justification for applying the
least squares principle to the logarithms of the deviations,

This gives excessive weight to deviations at low pressures which
are in fact probably the least significant,

3, The regression technique gives a different best fitting
line if p is considered the centrolled variable and z the
dependent, There seems to be something wrong with a technique
that gives a different answer as a result of making an equally
justifieble alternative decision., In fact, it may be more
justifiable to consider z the dependent variable since it is a
fact that it is much harder to measure the sinkage accurately
than the pressure., This point seems valid even if the suggestion
of Dr. Joseph Berkson is fcllowed and for the term "independent
variable” we substitute the term “control variable",

4, The method used was laborious, requiring conversion of
each curve to digital form and then the use of a digital computer
to calculate the "best fitting”™ linme.

5. The use of statistical methods tends to obscure the
soil mechanics, by introducirg many unfamiliar and rather complex
words and techniques inte the experiments, Unless the engineer
concerned is converssnt with the statistical methods used, he
will have his attention distracted from his real task - one of
il mechanics whisk ig difficult enough by itself,

A statistical methed could be logically applied to
determine the best curve with which to fit a set of experimental

curves, It is now possibie to do this using a high speed
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computer without greatly restricting the form of the curve used.
When this has been done the problem of choosing the best fitting
version of a particular equation would remain, It is not
necessary to do this with the results of laboratory experiments
just because the variability can be kept very small, It is a
matter of sound judgement to appreciate that a curve representing
each of the sets of curves in Figs. 4.8,1., and 2, for example,
can easily be drawn im by eye, The coriterion here is that the
uncontrolled variability in the curves should be small relative
to the changes caused by controlled variables,

3.3. The minimum error method

A simple curve-fitting technique will be described with
reference to the pressure-sinkage relationship, The basis of
any curve fitting must be the selection of suitable limits; the
closer these are the better the fit, but the narrower the range
of application., Convenient limits for the pressure-sinkage
relationship for use with full-sized vehicles are probably a
minimum of 1" sinkage and a maximum of 10" or a maximum pressure
of 30 1b, per sq. in,, whichever is reached first, These have
been chosen because below 1" the pressures are not going to
contribute greatly to the rolling resistance unless the sinkage
is small and the rolling resistance low - in which case quite
large percentage errors in rolling resistance will have only a
small effect on total performance., If sinkage is great enough to
give a significant rolling resistance, then even for the smallest

Jeep-sized tire an error in pressure distribution below the 1"
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sinkage will not comstitute a large error in the total, The
upper limit was chosen because a sinkage of 10" will immobilize
mort vehicles while a mean pressure of 30 1b, per sq. in, is the
maximum likely to be applied by any cross-country vehicle,

These 1imits are suggested as being generally suitable for full
scale work; for model experiments lowsr presgures would be
appropriate,

Fig, 3.3.1, shows the problem to be solved; the actual
curve 1s shown in full and it is necessary to fit the best curve
described by the chosen equation which is represented by the
dotted line, This will usually intersect the full line in two

P, = Py

places and the errer e will be given by e = > « The
a

distribution of error as a function of 2z is shown and it is

clear thst there are three peak values -~ € at z = 1 inch, €10
at z corresponding to 30 p.,s.i. (er 10%) and e in between.

The maximum error can be minimized by making these three errors
equal and this can easily be done for equations like p = kz"
which are represented by stragight lines on log-log paper. The
limit lines z = 1 and = at p = 30 p.s.i. or 10" are drawn in and
a straight line drawn between the intergections of the
experimental curve and the limit lines on log-log paper,

Another straight liine is drawn tangenmtial to the curve and
parallel to the firct iime and a third is drawn parallel to

these two and midway beiween them (that is, midway taking account

of the logarithm gc¢csle -~ rot geometrically midway)., The best

fitting curve is then described by the centre iine; the three
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peak errors are equal and simply given by -

®n = S§30 ,p30

The justification lies in the following:
Congider p = kz"
Taking logs we have
log p = log k+ n log 2
and similarly from (1 te p = (1 t o) k2"
We have log p (1 te = log k + n log z + log (1 te
which is a straight line parallel to the line representing
p = kz‘ Therefore, parallel lines on either side of a
particular straight line define zones of constant maximum error.
The Land Locomotion Laboratory soil value system allows
that k is a function of plate width but assumes that n is a
constant independent of width, This requires that a family of
curves such as those shown plotted on logarithmic axes in Fig.
3.3.2, are fitted by a family of siraight lines of the same
slope, There does not seem to be any logical way of doing this,

because once the slope is changed from that obtained by the

minimum error method, then the errors at the two ends and the

middle become different and can be distributed in any number of
arbitrary ways,

The curves on Fig. 3.3.2, have been drawn with maximum
errors of 5, 10, 15 and 20% respectively, in order to
illustrate how far the curves can depart from straight lines

before they cannot reasonably be described by p = kz",
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Amn important point here is that the main use of the pressure-
sinkzge relation is the computation of sinkage and rolling
resistance and this involves the use of fpdz, The operation of
integration averages out the errors imvolved and use of a p - z
relation that is nowhere more than e% from the actual can be
expected to yield a {pdz figure that is within roughly ;% of the
correct figure. This would suggest that a maximum error in p of
20% is acceptable, and as can be seen in Fig., 3.3.2, this is very
far from straight, It can be cencluded that a lot of the
despondency that has arisen at the sight of curves 1like those of
Fig, 3.3.2. has been unnecessary.

The method described, allowing n to vary with b, is
suitable for work that is concerned with comparison of actual
pressure sinkage curves with chocen eguations and will permit
examingtion of the fsetors which comtrel k and n, for example,
In order tc describe the k value ag & function of plate width,
however, it is mecessery to consider at least two plate widths.
When it i& apprecisted thet this scil-mechanics system is in an
early stage of developmeont gnd ig at present used almost
entirely as a resesrch tool, it ig rather clear that it is best
te treat each curve separately and to plet n and k as functions
of b, It also fellows that a clearer picture will result if at
least four plate widthe are chogen, Figs. 4,8,6 - 9, show the
data from the.dry sand gnd wet sand tests and illustrate the way
in which kc' k¢ and ﬁ can be chosen im 2 manner which will permit

cptimum extrapelation to wider plates than those actually tested.
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3.4. Application of the Minimum Exyror Method to Linegr Fuynction
It may not be possible to apply the principal of equal

errors minimizing the maximum error to curve-fitting functions
in general. However, in the case of one other particular
function of interest in so0il vehicle mechanics it can be done
easily enough. For the linear relationship p = A+ Cz an equal
positive and negative error gives p (1 Te)=A(1Fe)+

C (1% e)z. These are two straight lines that intersect when
Cz+ A= 0 or when z = A.

This application of the method is illustrated in Fig.
3.4.1, which shows the mean pressure sinkage curve for a 2" x 18"
plate in compact Ottawa sand on linear axes. P and Q are the
intercepts of the curve on the arbitrary upper and lower limits
of 30 1b.in.”2 and 1 in. A iine is drawn through P and Q to cut
the z axis at R, A tangent from R is drawn to touch the curve
at S and the 30 lb.per.in._2 line at T, The best fitting
straight line is RU where U is midway between R and T, A is the
intercept of this line on the pressure axis and C the slope.

The maximum error involvad in describing the experimental curve
by p= A+ Cz is then e, where e = %%. This error occurs
equally at Q where it is also negative and at S where it is
positive.

3.5, A Posgible Rei{:  euent

The method describerd in section 3.4 gives a best curve of

a chosen family with whi:l: to represent pressure as a function

of depth, However, ultimately the pressure-sinkage curve will be
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used to predict rolling registance as a function of contact
pressure. The rolling resistance depends upon the work done in
compressing unit area of soil dowa to a sinkage at which it can

support the contact pressure Poe That is for a track
Po
R § p.dz
°

It is possible to choose the best fitting curve so that
the error in fp dz as a function of p is minimized and this will
yield the most accurate values of rolling resistance,

The data from a p -~ z curve can be transformed to give the
corresponding fp dz - p curve using Simpson's rule and a computer
say; or it could be plotted directly from the Bevameter using an

integrating circuit, The constants n and k can be obtained in

the following way:

2 z n k 2t 1
§f pdz=§ kz dz = n+ 1
o (]
n+ 1
2 n
from kaz“ we have P L [k]
2 a1
. —
o L=
kB (n+ 1)

Taking logarithms of both sides gives
z
log § p dz = log 1 T+ 24%—1 log p
° n
{(n+ 1) k

so that the slope of a straight line on the log

p dz - log p curve gives 54%~L
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and the intercept gives 1
n
(n+ 1) k
p dz 1s plotted as a function of p between the limits of pressure

corresponding to z = 1" and z = 10" or p = 30 lb.in.'z. The best

fitting straight line is drawn in following the same procedure as
previously described, so that an equal maximum error occurs at
the chosen limits and around midway between thenm,

It is not recommended that this method be used at present,
since the immediate task is to describe pressure-sinkage
relationships adequately. The scheme also suffers from
inaccuracies due to the extra operation involved (particularly
the integration) and is laborious to use, However, at some

later date the principle may be applicable.
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4, PRESSURE SINKAGE AND BEARING CAPACITY

4.1, Introduction

ALl present day theories of soll-vehicle mechanics are
based upon the zssumption that the pregsures beneath an element
of a vehicle running gear are equal to those below an
appropriately sized and shaped flat plate at the ssame sinkage.
This is a majoxr sssumption requiring & great deal of
theeretical and experimental support before it carm be accepted
&8 an important part of ary ¢genuinely scientific theory.
Uffelnau7 has shown that it applies quite well to the messured
pressureg benesth z rigid wheel Ig & purely cohesive saturated
clay srd Hegeduﬁzs has shewn that it defiritely does not apply
to rigid wheels in sands snd sandy loam. From a theoretical
viewpoint it would be surprising if it were generally true
because the contect arecas invelved in the case of wheels are so
gmall that edge effects are impertant, It would therefore, seenm
likely that it is necessary to brimg the pressure distribution
beneath the filat plate inte the pieture in a suitable way.

However, the more basic propoesition that the only feasible
apprceach to an understanding of g£6i1 vehicle mechanics lies
through the uge ¢f parameters obtained from tests involving
simple plates remains true. For this reason the vehicle
engineer and the civii sngincer have a common interest in the
pressures developed bern-zih small flat plates as they are forced

into soil in laboratory scii tanks., To the civil engineer this




type of test appears as an excellent model of a foundation but
at an excessively small scale, while to the vehicle engineer the
scale is reasonable but the similarity of the model is suspect.

| It is the very essence of the Land Locomotion Laboratory
system that it is a model system., Vehicle performance is not to
be predicted from data obtained from simple plate tests of the
same order of maghitude as the vehicle (although this in itself
would be an iﬁportant achievement), but from tests using small
plates in the same soil, This limits the application of the
system to ﬁniform soil conditions that are homogeneous to depths
below the zones inflﬁenced by the vehicle, that is, to a depth
equél to étvleast the width of the tire or track plus the
sinkage. Thisclimitation is serious because layered soils are
very widespread; for example, most farm fields are relatively
loose for a few inches on a firm subsoil,

It is a surprising thing, but pressure-sinkage data using
pfatgs'of reasonable size and shape in uniform constant soil
,conditiohs are not readily available, Tests were therefore
carried out on a family of circular plates of 1", 2", 3", 4" and
6" diameter, and rectangular plates of 1/2", 1", 2", 3" and 4"
widths,zall 18" lohg, on the three soils, The soils were uniform
in condition to the depth of the vibratory rake (12") in the case
of the sands, and to the gravel layer (13") in the case of the
clay. The load sinkage curves could be repeated very closely;
examplés aré shown in Fig..4.8.1; and 4,8,2, and mean curves

were drawn throhgh 2 or 3 actual curves to represent the results
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and are shown in Figs, 4.1.1,, 4.1,2, and 4.1.3. and in tabular
form in Tables 4.1.1. to 4.1.7., The results were used to
investigate the relation between slip sinkage and ordinary
vertical sinkage and also toc provide a set of results against
which current ideas could be examined,
4,2, Plate Shape

It has been pointed out in Chapter I and Figure 1,1, that
a lateral element of contact area corresponds to a similar
crosswise element of an infinitely long strip footing. At
present, there are no theories available for any type of wheel
or track, other than those that magke a rut of width independent
of depth - this is luckily the great majority of real cases.
There is similarly no theoretical way of relating the pressure
beneath a square, circular or elliptical plate, with that
beneath a wheel or track. Despite this fact, the practice has
grown up of using circular plates to obtain sinkage data. This

has been justified by Land Locomotion Laboratory Report No, 5724

'
which attempts to show that pressure beneath a circular plate of
radius b are in fact and theory equal to those beneath a strip
of width b, The theory in this report is questionable since it
consists of a circular argument that starts (in L,L.L, Report No,
4625) with the assumption of equivalence., The experimental
Justification is not sdoquate, being based on two scil types and
there is a cohsiderabia amocunt of unexplained variation in the

results, One set of careful tegte in a uniform soil which show

that pressures beneath circular and rectangular plates are not
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equal - such as those illustrated in Fig, 4.1.1, is quite
sufficient to demolish this proposition, Incidentally the

curves of this figure are entirely in agreement with both
theoretical and experimental observations of the bearing capacity
of foundations below the surface,

Meyerhof points out that the relationships between pressure
and sinkage and plate shape are very complex, changing completely
with variation in the depth and the soil type, His theory
predicts that in clay the bearing capacity of a circular footing
will range from 10 to 20% greater than that of a strip of width
equal to the diameter as the depth increases. In sand the
surface bearing capacity may be as low as half that of a strip
rising to double as the depth increases. It must therefore be
concluded that plate pressure-sinkage relationships relevant to
vehicle sinkage, can at present only be obtained from
rectangular strip plates of aspect ratio greater than 4:1,

4,3, Plate Size

"The curves for the wet and dry sand show in Figs, 4,1.1,
and 4,1.2, and Tables 4,8,1, - 4,8,4, a systematic effect of
width over the range 2, 3, 4", but the 1/2" and 1" plates show a
different trend, This has been emphasized by plotting pressures
at a particular sinkage as a function of plate width in Figs.
4,3.1, and 4,3,2, The explanation is probably that the narrow
plates caused mainly lateral compression rather than general
shear failure, A similar phenomena has been pointed out by

6 27

Payne‘ and Zelenin in their experiments on narrow cutting
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blades, This makes it clear that there is a minimum size below
which the small Bevameter plates will not represent the
behaviour of the large plate which itself is hopefully
representative of some aspects of a wheel on track, If the
explanation involving soil compressibility is correct, it would
seem possible that the minimum width will go up with
compressibility,

These experiments would have been better if the plates had
all been of aspect ratio 4%:1, This was realized during the
course of the work but time did not allow the use of a set of
constant aspect ratio plates except in the clay, Hewever
according to Meyerhof (Ref., 20 Page 328) aspect ratio has
negligible effect on the pressure-sinkage relationship in sand
when @ is less than 35% so that for these experiments with ¢ = 32°
it is reasonagble to treat the plates as if they are all strip
footings.

4.4, Minimum Plate Sizes and Loads

The considerations of the previous two sections would
suggest a minimum plate width of 2" and the wider plate would
then have to be at least 4" if the extrapolation to vehicle widths
of up to 20" is rot to be too inaccurate, Incidentally, it would
appear to be well worthwhile to make at least a limited number of
tests with very lavrge plates to check that such extrapolation does
in fact work, 'Since the subsequent theoretical treatment requires
at present that the sinkage data be representative of infinite

strips, an aspect ratio of 4 to 1 is a bare minimum, This leads

47




to areas of 16 and 64 sq.in,, and a reasonable practical
pressure minimum is 30 1b, per sq. in., giving a minimum load of
1920 1b,

This load requirement demands that any field measurement
be made from a vehicle weighing at least a ton., It makes the use
of the "hand Bevameter” quite valueless unless this instrument is
to be used as a sophisticated cone penetrometer, making records
of cone index against depth and identifying the nature of the
s0i1 by measurements of C and §, This would appear to be a
useful concept,
4,5, Repetitive Logding

The case of the multi-wheeled vehicle in which a succession
of tires follow each other is important in practice, Bekker
proposed that the rolling resistance of a wheel following
another in the same rut could be determined, using the assumption
that the pressure-sinkage relation was unaffected by the
intermittent nature of the loading, That is, the pressure-
sinkage relaticn for the soil at the bottom of a rut of depth z,
would start from a pressure Pys as shown in Fig. 4.5.1, This
means that each wheel meets soil with a different set of soil
values, If the soil-pressure-sinkage relation is described by
p = kzn, the second wheel running in the rut of the first wheel

sees soil described L~

n

- n ..
p =k (zl + z) = kzl 92

=p1+ kzzm LA L LI 4.5.1.
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This gives rise to a radically different pressure distribution
beneath succeeding wheels with greatly diminished rolling
resistance (and also probably increased thrust as shown in Fig,
4,5.1). Bekker avcided the use of equation 4,5,1, by integrating
P = kz" between limits Py and Poe but only at the cost of a small
sinkage approximation. Equation 4,5,1. has been shown to often
give better fit to measured p - z relationships and since it
seems necessary to use it for the nth wheel, this is a powerful
reason for using it as the general pressure-sinkage relationship,
In this case Py is theoretically the surface bearing capacity of
the soil,

The current Land Locomotion Laboratory evaluation process
ignores this work of Bekker's and assumes that the soil in the
rut is unaffected by the passage of the preceding wheel and that
all wheels meet $0il described by p = kzn. It also ignores any
strengthening and resulting extra thrust, snd is therefore a
scheme which will not give adequate advantage to multi-wheeled
vehicles if Bekker's assumption is true.

It would seem that Bekker's assumption can be easily
checked by a Bevameter pressure-sinkage test carried out in a
discontinuous manner, The sinkage is made in, say, one inch
steps with the lcad being reduced to zero before each additional
increment of sinkage. Fig. 4.5.2. shows the possible results in
the twe caseg that have been discussed., These represent the two

extremes that are possible and either is relatively simple to

incorporate into the mathematics deseribing the vehicle-soil
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relationship,

Figs., 4.5.3. and 4,5,4, show the results of repetitive
loading tests carried out in wet sand and the clay, It is clear
that both are very much closer to the Bekker assumption., It
would be interesting to carry out such tests and also measure
pressure distribution beneath a succession of wheels to see if
they do behave as shown in Fig. 4.5.1., In the meantime it would
seem advisable to use Bekker's theory in the Land Locomotion
Laboratory's evaluation procedure.

4.6, Pressure-Sinkage and Bearing Capacity

A theory of pressure-sinkage relations has long been in the
process of development in the form of bearing capacity theory.
Until recently reference to this theory has been a hindrance
causing much confusion, due to its limitatiorn to the case of
surface footings, with only token regard to sinkage in the form

of surcharge, Meyerhofzo

has recently made a major step forward
with his theory of the bearing capacity of foundations, treating
the depth of the foundation as a variable of prime importance,

A major limitatien to the application of this theory to
pressure~-sinkage relations in top soils is that it does not take
into account compressibility - and perhaps it may be doubted
whether this will ever be possible, However, any equation
describing pressure sirkage over the whole range of C, ¢, Y and
compressibility, must eertainly deal with the incompressible

case and it would seem that Meyerhof's theory makes an excellent

starting point for the development of such an equation, This is
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particularly so in view of the inadequacy of the present equation
disclosed in section 4,8,, and the fact that there are no
pressure-sinkage data available for compressible seoils,

Mayerhof's theory is based on assumed plastic failure zones
which perhaps would be rigorously correct for an imaginary
plastic material, but which are a basic assumption for real soil,
The assumed patterns can be justified by reference tq
experimental observations of the actual zones and by measurements
of the surface deformations and finally by showing that the
theory gives correct answers over a range including purely c,
¢ - ¢ and purely @ soils, This experimental basis is perhaps
rather inadequate particularly as far as ¢ - @ scils and the
shallow sinkages of relevance to vehicles are concerned,

The theory assumes that an elastic wedge with sides inclined

at 45° 4 g to the horizontal is formed beneath the base if it is
2

rough, and it is suggested that the bearing capacity of a
"smooth" footing is very much less; However, this seems an
unnecessary complication because if the state of stress within
the wedge is uniform and the sides which are failure planes are
inclined at 45 + g then horizontal planes are principal planes
and therefore no lateral shear stresses act on the base of the
wedge, This impliez that it doesn’t matter whether the base of
the footing is rough ¢v smooth. This was checked by comparing
load versus sinkage of =n 18" x 2" wide footing covered with sand
paper with another covercd with gless. The results for dry sand
are shown in Fig. 4.6.1. at two widely different speeds and they

1
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seem conclusive enough, It is interesting to note the following
quotation from Meyerhof, "Trial computations have shown that in
practice the base can aiways be taken as perfectly rough®,
Meyerhof's theory divides the problem into two parts and
separately considers the pressure due to forces acting on a
cohesive weightless mass shown on the left of Fig, 4.6.2. and a
frictional body with weight shown on the right, There is a zone
of radial shear ACD and BCD, and plane shear AED and BED on each
side. The logarithmic spirals for the cohesive zone are centred
at A, For the frictional zone a centre at any point is chesen
such that the spiral passes through the points C and E determined
from the cohesive zone, and the resulting passive pressure on BC
is a minimum, The soil above the planes AE and BE is treated as
a surcharge but the force obtained from it depends upon the
conditions on the foundation wall FB., Meyerhof points out that
the wall FB considerably increases the bearing capacity if it is
rough, This is a point which has been overlooked in the study of
s0il vehicle mechanics, where footing tests are made without the
wall at all corresponding to a tracked vehicle, and the presence

of the side walls on wheeled vehicles has been neglected.

The calculation of the bearing pressure from this assumed
pair of failure patterns is a matter of considerable complexity,

but the answer can bLe exyressed in the familiar form -

where the first term represents the influence of the cohesion and
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the second, the weight of the material and its frictional
strength and the third, the effect of the over-bﬁrden pressure
on the line AE,

The factors Nc' Ny and Nq are all functions of P and the
geometry of the figure which is defined by the angle B. Meyerhof
has computed values of these factors as functions of @ for various
values of B, The angle B, however, is a function of @ and z/b
and it is therefore in principle possible to plot thé bearing
capacity factors as functions of z/b for varying P, a form which
would be of the most interest, Meyerhof has in fact done this
for the two special cases of purely cohesive and purely
frictional soils, It therefore follows that the factors Nc,

Ny and Nq are dimensionless and functions of § and 3, the two
factors that govern the geometry of the strip footing situation
shown in Fig., 4,.6.2, According to Meyerhof eguation 4,6,1. can
be written -

ceeo o eooe cee s e e 4.602.

p=Egs chq + g Na(q
where Ncq is a function representing the influence of the
cohesion and depends upon Nc and Nq; qu represents the influence
of the weight of the material and depends upeon Ny and Nq.
Comparison of equation 4,6,2, with the Land Locomotion Laboratory

equation rewritten into two separate terms as -

k_z" .
p = b + kﬁ ﬁg LN 3 1 LI 3} L] s e e 4o603-

shows that there is very little similarity and that the two terms

cannot correspond to those of equation 4,.,6.,3., because b does not
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occur in each term in the proper way. Karafiath was able to show
a cortain relationship between equation 4.6.3. and bearing
capacity theory but only for purely frictional solls, and then
only by making a fairly radical change to equation 4,6.3, so

that it becomes

k .
- L c n
p_szaf + b + k¢ z tee see see eve 4.6.4,

This was then shown to fit roughly ar approximate bearing

capacity theory suggested by Terzhagi in which

p=§bny +qu+§z2N‘D vee  ees .e. 4.6.5,
Unfortunately, this rough scheme of Terzhagi's has now been
abandoned as unsatisfactory because it assumed that the lateral
extent of the failure zones was not a function of depth,
Nevertheless it does seem a pity that this excellent initiative
by Karafiath was not followed up with the aim of finding a
general agreement between pressure, sinkage, and bearing capacity
for ¢ - @ soils.

Once this goal is desired and the simple Meyerhof equation

is accepted then it becomes clear that the Land Locomotion

Laboratory equation must be rejected and replaced by one of the

form -~

' ' n
L = £
p"‘ (kc + k¢ b) (b) o0 0 L3N I} s e s o0 40606-

or perhaps better still

' , zZ.n
p = (c kc *’X% k¢ ) (b) L2 L2 N 00 LA 4.6070

54




s ¢Z D _
in which kc (b) Ncq

t (250 -
and k¢ (b) Nyq

This equation fits the bearing capacity theory to the extent that
N = k* (-i)z-)n is capable of describing the functional relation
between both Ncq and Ngqvwith only a change in the k' value to
give the difference between the two (i,e. the same n has to be
used), Unfortunately Meyerhof only provides values of Ncq and

N _ for the cases of § = 0 and ¢ = 0 and for the general case he

provides graphs of Nc N_ and NX'

q

For the particular case of saturated clays (@ = O) Meyerhof
gives a graph of Ncq againgt % which is reproduced in Fig. 4.6.3,
Points taken from this figure for the theoretical capacity of a
strip have been replotted on logarithmic axes in Fig, 4.6.4. and
a best fitting straight line drawn in by eye, It will be seen
that this line fits very well indeed between %<§<2.2. The

172

equation of this straight line is qu = 7,2 (%)‘ so that

kc' = 7.2 and n = ,172,

At % = 3 the error involved in using this equation is about
3% but it rapidly increases for higher values of %. If high
values of % are to be used (as for example with the Cone
Penetrometer) then the dotted line is the best fit and n = 0 and
kc' = Noa = 8.3. It is clear that for purely cohesive soils the

q

best fit would be achieved by an exponential equation such as

Z
mt‘?h

p = 8.3 c (1 - e )) cee ceoe soe ces 4,6.8,
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This was proposed by EVan:6

o but is only applicable to this
particular case of clay soil, Meyerhof includes two curves
showing the results of his experiments in soft and stiff clay
and the mean of these is drawn on Fig. 4.6.3. As would be
expected this is a rounding off of the experimental curves with

a slightly higher maximum (8.5 instead of 8.3) that is not
reached until higher values of % (% 2 5 instead of 2,2), It is
probably reasonable to use this curve as a general representation
of frictionless soil and if this is so, then n = ,14 and k ' =

2

6.75 and a close fit is achizves from % ® 0.3 right up to £ = 5,

For the particular case of dry sand (c = 0) Meyerhof also

>rin o

provides curves of N sgainst % but unfortunately the % axis

¥a

extends from % = 0 to % = 40 and in the region between % = 0
and 3 the diagram is too small to permit values of Nxb'to be
extracted with any accuracy.

For the general case of a ¢, # soil separate graphs are
given for Nc' Nq and NX as functions of § for various values of
the equivalent free surface angle B, and m the degree of
mobilization of the shear stresses on the equivalent free
surface, It is evidently necessary to compute values of Nc

q
and N as functions of % for various values of f., A start has

Yq
been made on thi: task but it involves a great deal of work and
there are certain ilesvetical problems to overcome. Indeed if
it were not a formidshie¢ tazsk Meyerhof would have done it as it
Yields results in & muck more readily usable form. Once these

results are available it will be possible to evaluate the




-

usefulness of N = k' (% " to represent the bearing capacity
factors, However in the meantime some conclusions can be drawn
from the shape of the families of curves for the three factors,
These were roughly transformed into N as a function of % for
various values of @ assuming m = O and simplifying the relation
between B and &, The results are shown in Figs, 4.6.5., 4.6.6.

and 4,6,7, The values of N, N_ and NY as functions of % for

)
g = 30° are plotted on log-log :xes in 4,6.8, These are
obviously anything but straight and the errors involved in
representing them so are about + 14% for Nee & 20% for N and

+ 16% for Nq. If a single slope had to be used for all three
then the error would grow te about + 25%, The reason for this is
obviously the large N value at % = 0, In practice some small
sinkages are necessary to develep any pressure and the curves may

be expected to round off as indicated for N at @ = 30° in Fig.
4,6,5, However this does not straighten the log-log line very
much, Tt appears that for reasonably accurate representation it

is necessary to use equations of the form

- v (240
Ncq‘— A+ kc (b) ®e e e L ] LN 406090
qu = B + kﬁ' (%)n ) L L ) seo e 4060 10.

leading to a final pressure sinkage relation

3 % R

p=Ac+ -gf’-“b N C LI k¢'b’32’-> &" ... 4,6.11,

This is so complicated that it almost precludes its use for

analyses leading to general conclusions, It is possible that
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once the initial surface bearing capacity constants A and B have
been accepted then the n_cqu;dvpe‘dropped leaving a simple linear
relation between p and %.?_This would.pertain}y‘fit the
theoretical N factors of Figs, 4.6,§.,,6, and 7 with acceptable
accuracy, and would involve 4 constants instead of 3. It would
have the tremendous‘adVantagg of giving a linear pressure-sinkage
relation capable of integrat;on around a circular/wheel;without
gross approximations. B

The final choice ofia pressure-sinkage relationship must
await further research, What is clear at this stage is that
p=1f (z) must be replaced by p = f(%) and that bearing capacity
theory must form the basis of the work.u

Equation 4,6.7. reprasents a major improvement over the .
Qxisting Land Locomtoion Laboratory equation for several reasons,
First, it fits in with any conceivable theoretical approach,
Second, it allows the»usg,pf computed k and n values for compact
soils, Third,vit is dimensiénal;y'aptraqtive, the k and n values
all being dimensionless‘»‘theJold‘equationJWas open to serious
criticism on this account, Fourth, it reduces to an equation
very simiiar to the oid oné‘for the special case of n = 1 which
is roughly true for sands, which is the soil type in which most
work with the old equation was carried out, Sixth, it gives a
better overall fit to experimental results in sand, wet sand and
clay as will be discussed ir the next section.

This new equation sheuld enable the three principal

approaches to the problem of soil vehicle mechanics to be unified.
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The Britich school studying clay enly are using the special case
of equation 4.6.7. in which n = 0 and kc' = 8.3, or a smaller
value if only small sinkages are used, (It should be noted that
the Bekker equation could only accommodate this special case by
making k¢ = 8,3 and kc = 0, Thus, the subscripts selected were
incorrect), The cone penetrometer becomes a particular form of
a Bevameter footing using very high %’ratios, which preclude its
use as a model of vehicle action, but enable it to accurately
indicate stratification,

It is worth noting thst it is the consensus of opinion
from Terzhagi to Meyerhof that the best way to accommodate the
compressible soils inte the bearing capacity picture, is to
reduce the value of ¢ used to predict their strength, This
implies that the form of the pressure~sinkage relation will not
change with increasing compressibility and that therefore the
form of equations used will apply to all uniform soils,

4,7, A Comparison of the Twe Equstions

Equation 4,6.7. can be rewritten to read

[] &\
o = c kc + k@ ¥ Z"

b" 2 p" ~ !
or
p = k' 2" or k% (%)n

as compared to

k
p= (g£=+ k@) z" or p = kz®

H
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This makes it clear that the two only differ in the relation
between k, k' or k™ and b, Any particular pressure-sinkage curve

will have the same n value whichever equation is used and

furthermore k = k',

The constants in the new equnation can be evaluated by
plotting log p against either log x or log %, and fitting the
best straight 1ine by the minimum-pressure-error method described
in Chapter 3. The slope gives n in each case and k" can be
obtained as the intercept with 2z = b or % axis 1is used,

The new equation does nothing whatsoever to help with the
basic problem described in Chapter 3, that is that real pressure-
sinkage relations do not closely approximate to straight lines
when plotted as log p against log =z, This is because it uses the
same basic relation p = k z". The curve fitting error for a
single curve will be exactly the same for the old and new
equations,

However, the relation between k' or k™ and b can be
expected to be much better than k and b due to the dimensional
correctness and sound theoretical physical basis of the new

equation,

4.6, Experimental Results gnd the Two Equgtions

Pressure~sinkage tests as constant speed were carried out
in the dry sand, wet sand and c¢lay, using rectangular and
circular plates., The circular plates were of 1", 2", 6 3", 4" and
6" diameter and at first a set of 18" x 4", 18" x 3", 18" x 2"

and 18" x 1% rectangular plates were used. These were originally
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chosen on the assumption that an aspect ratio of 4%:1 was near
enough to a strip to be comparable with the aspect ratio of 18:1
and for the practical reason that this gave reasonably large
forces for the narrow plates enabling the same recorder /
amplification to be used. The develepment of the new sinkage
equation with its emphasis on dimensionless ratios made it clear
that the experiments should be carried out with plates of
constant aspect ratio and a new series of rectangulaf plates,

1" x 4%", 2" x 9", 3" x 134" and 4" x 18" were used in the clay.

Load was measured as a function of sinkage and a continuous
curve plotted on the x -~ y plotter, Three or four of these
curves were represented by a mean curve drawn through them by eye
and they were converted to digital form with the results shown in
Tables 4,1.1, to 4,1.7.

Very good repeatability was obtained in the two sands using
the circular plates. The rectangular plates showed markedly more
scatter but were still adequately olose, Typical results are
shown in Figs, 4,8,1, and 4,8,2, The clay was, of course, harder
to deal with, it being difficult to fill in the large holes made
by the sinkage tests, Typical results are shown in Figs. 4,8.3.
and 4.8,4, Better results in the clay could probably have been
achieved if more time had been available,

Fig, 4.8.,6, shews the results of a test in which pressure
was plotted directly instead of load, This can be done by
altering the amplifier gain so that it is inversely proportional

to plate arez, This is easy to do and if possible this is the
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best way to run the tests, It was not adopted because the
amplifier gain could not cover sufficient range to deal with the
tremendous change in area from 1® dia. to 4" x 18",

The sand results were converted to straight lines on log-
log paper using the minimum-pressure-error techniques described
in Chapter 3. This yields n, k or k™ and e and these have been
plotted for the rectangular plates in the two sands in Figs.
4,8.6, to 4,8,9, The e and n values as a function of b are of
course the same for the two equations, The k" should be a linear
function of b if a good fit to the new equation is desired and it
clearly is., k should be a rectangular hyperbola to fit the
Rekker equation and it obviocusly is not. These results therefore
show a better fit to the new equation than the old, although they
are not entirely satisfactory because the n value was not constant,

The results for the similar rectangular and circular

plates in the clay shown in 4,8,10. and 11, are very close
together when plotted against %, and each set can reasonably be
represented by a single curve., They therefore fit in with
Meyerhkof's theory in that they show that p = f (%).

Bekker's equation has no possibility of accommodating
these results because it makes pressure a function of sinkage and
not sinkage-width ratio. Given that %6 <n< %3 there is no way of
getting the correct uncwer for clay, the nearest is to fit the
rough representation thn* pressure is independent of sinkage,
i.e. p=8,3c¢c and n= ¢, This can only be done by making
8.3 = k¢ and kc = 0,
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4,9, Experimental Results and Meyerhof's Theory

Meyerhof's theory was applied to the 2" and 4" wide

rectangular plates in the dry and wet sand, using the curves

and Nc as a function of % from O to 4 shown in Figs.

2

for NX' Nq

4.6.5., 4.6.6. and 4.6.7. p_ was taken as ¥z cos“ B and an
allowance made for m increasing with B, The results are shown
in Fig, 4.9.1, From O to 3" the agreement between theory and
experiment is excellent, particularly impressive is the way the
theory allows for the effect of cohesion and plate width, The
divergence above 3" is probably due to the approximate method
used to calculate the N values from Meyerhof's data, the
simplifications necessary being such as to reduce the N values,
It may also be possible that the upward curve in the experimental
results is a bottom effect because the total depth of the sand
was only about 15" and the cultivated layer 12",

The clay results are shown in 4,9,2, and it is clear that
theoretical predictions are correctly shaped and as is shown by
Fig, 4.8,10, the effect of width is very well accounted for, It
is not clear why the experimental results are lower than the
theoretical which were based on a value of 1 p.s.i., for the
cohesion, It may be that alil the voids in the clay from the
previous penetrations were not filled in, This is quite likely
since the method of removing the holes was quite inadequate,

Fig. 4.8.13. shows the 18" long plates in the clay and the
decreasing aspect ratio is clearly shown to cause an increasing

maximum pressure reached at decreasing % ratio, The limit of
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this process is reached when circular plates are used and this is

well shown by the results in Fig, 4.8,12, That this fits well

with the Meyerhof theory is shown by reference to the

theoretical curves for circular and strip footings shown in

Fig, 4.6.3. -
The agreement between Meyerhof'’s theory and the rather

rough and ready experiments is good enough to justify the

conclusion that this theory should form the basis for future

thinking and research into pressure-sinkage relationships,
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5, THE EFFECT OF GROUSERS ON VEHICLE PERFORMANCE

5.1. Introduction

Traction on hard surfaces is produced by friction, between
the vehicle running gear and road, and grousers are unnecessary,
except in a vestigial form to permit drainage of water in an
effort to prevent hydrodynamic lubrication, While no gain in
performance can be expected from providing grousers some draw-
backs ensue; vibrations are caused, particularly at speed,
forces on the tire carcase or track increase and damage to the
road surface is possible. Off-the-road, however, grousers are
necessary and since most vehicles operate partly on and partly
off the road a difficult compromise is necessary.

The foliowing sections attempt to contribute to the
understanding of the action of grousers, when these are simple
minor projections on the surfaces of continuous running gear,
Grousers can be enlarged until they alter the whole relation
between soil and vehicle, but this is a different subject.

5.2, Grousers and Effective Contact Conditions

Grousers help to insure that failure occurs between soil

and soil and not between soil and rubber or metal, Lugs will

therefore improve traction by ar amount depending on the ratio of

soil to soil and scil to metal or rubber areas in the total
contact area. From the point of view of soft ground performance
the lug tip area should be minimized and for vehicles which

rarely travel on roads the lug tips can constitute as little as
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4% of the contact area for a steel tracked tractor or 24% for an
agricultural tractor tire, The lugs on the steel track are as.
thin as can be from a strength point of view but;tﬂe ffactbr
tirg lugs are a compromise with hard rqad wear:requirements.

The gain in maximum traction will also.depend on the
difference between soil—soil shear strength_depenqing on ¢ and
# and soil-metal oryrubber shear depending on éqiandyﬁt These
factors are fairly well under;tood_for sqil to steel but not so
for gubbgr. While/w can be as low as 89 for a highly polished
chromimum piated steel surface it is usually equal to or only
two or threg degrees below @ for the normal rough‘(steel or
rubber) surf#ce beneath a vehicle, Any tread pattern can there-
fore be assumed to give full frictional tragtion that the
surface of the soil will permit. ’

Thg nature of the'a@hesive forces between soil and steel

28 He found that no equivalent

have been stpdied,hy,Fountaine.
of soil internal cohesion exists between steel and soil but that
a tensile force can exist if the soil pore pressure is negative,
That is, a moisture fensibn,_f; can existvbetweén metal and soil
and this can give rise to a shear stress t tan/ﬁ independent of
applied normal pressure., Payne and Fountaine29 report that in
agricultural scils which aré usually frictional with some
cohesion, and are rarely saturated, adhesion has been found to
be very low or zero, In saturated clays pore pressure, under a

vehicle, is‘likely to be positive rather than negative., It

therefore seems reasonable to conclude that negligible cohesive
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shear stresses will act between lug tip and soil and that maximum
tractive effort will be given by
H=¢ (a-at)+Wtan¢.o. eee cee eee 502010

where a, is the lug tip area, This would imply a very serious

t
loss of tractive effort in cohesive soil for vehicles such as a
Centurion tank or industrial tracked loader where the lug tip
area is about 1/3 and 1/2 respectively of the total, Such a
loss in traction does not appear to have been invéstigated
experimentally and this needs to be done,

The nature of the adhesive forces between rubber and soil
has not been investigated and it is not possible to say how much
traction is lost by a large rubber contact area, If qx.for
rubber is as low as it is for steel then the typical American
Military tire and track would indeed be a poor cross-country
device, It seems that a straightforward research effort here

may yieid very interesting and useful results,

5.3. Penetration of Hard Ground

If the surface is hard then the contact pressure beneath
wide lugs may be insufficient to cause penetration and the
vehicle will stand on its lug tips., Under these conditions
rolling resistance will be low and the traction due to W tan/u
is usually entireiy adequate. However, in the case of packed
snow and vegetation covered hard clay/b can be very small and
traction insuffzcient to climb a hill or to pull a tillage tool
whose draft will be high just because the clay is hard., Under

these circumstances narrow lugs can give penetration and
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therefore some mobilization of the considerable cohesive strengths
svailable, This is the principal reason for the use of chains
around rubber tires and the development of snow tires with
aggressive tread, Track laying tractors are often submitted to
official performance tests on hard grass-covered clay and it is
alleged that sometimes additional performance is obtained by

fitting the test tractor with special machined thin 1lugs,

5.4, Penetrgtion of Wegk Surface Layers

Probably the most commonly encountered mobility problem is
due to the existence of a weak surface layer on top of a strong
s0il, Examples are a wet layer on a clay soil due to recent
rain where the increased moisture content has lowered the
cohesion; or another version of the same situation in which
previous traffic has broken down the structure of a clay soil
diminishing its internal friction and water holding capacity and
turning it from a strong structured ¢ -~ f soil into a very weak
remolded purely cohesive soil,

A surface cover of succulent vegetation or of farm yard
manure can give a similar effect where traction is drastically
reduced by simultaneous reduction in both c«:andlu e A loose
tilled agricultural soil can be made difficult to traverse by
the opposite effect in which drying of the surface layer reduces
its cohesion, leaviung only the frictional component to overcome
the high rolling resistance due to the looseness of the soil,

These situations can be greatly mitigated by the use of

deep narrow lugs capable of penetrating the surface layer to the
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 firmer soil beneath, It is in these situations that the necessity

for self-cleaning of the tread arises,

5.5. The Effect of Vertical Contact Area

Long lugs on a wheel or track have the effect of giving a

considerable increase in contact areas because of the additional
vertical surfaces on each side., It can be assumed that in soft
ground the cohesion will act along the whole of these surfaces
giving a useful increase in tractive effort in cohesive soils.
The frictional stresses along this surface will depend upon the
lateral pressures and it is not at all obvious what these are,

Bekker9

made an interesting approach to this problem by
considering the lateral pressures beneath the edges of a strip
load on a semi-infinite elastic material, This yields the result

that the additional traction is given by

H =w«tan¢(o.64-{;‘cot"ll‘- vee  eee  eee  5.5.1,

side b
This equation has been generally accepted and appears in many
recent papers, |

Elastic theory may be applicable tb the motion of vehicles
on hard soils at low drawbar pulls but generally we are
interested in maximum drawbar pull when the soil beneath the
vehicle and at the sides of its driving gear has failed and is;
therefore, totally beyond the region of elastic stress-strain
relations, It is, therefore, reasonable to approach the problem

of maximum sidewall traction be means of an analysis of the static

equilibrium at failure along the lines of classical soil mechanics,
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Fig., 5.5.1a shows a cubic element of soil with one wall in
the plane of the sides of the lugs, This vertical plane is
forced to be a faflure plane due to the geometry of the situation
and the shear stresses on this plane act horizontally because
they oppose the relative shearing motion. (It is assumed that
slip sinkage is negligible and that the track trim angle is
small), Since there are no vertical shear stresses on this
plane, there are no shear stresses in the y direction on the
horizontal planes, Shear stresses in the x direction on
horizontal planes are exceedingly unlikely because any shearing
motion of horizontal layers is caused by rigid vertical lugs
which will have the same effect on adjacent layers. It can,
therefore, be assumed that horizontal planes are principal
planes and the greatest normal stress on these planes is given
by ¥ z, the hydrostatic pressure,

It, therefore, follqws that the state of stress at the side
of the track is described by the Mohr diagram of Fig. 5.5.1b, in
which the point F represents the failure plane and A, B, and C
represent the principal planes; A being horizontal, and B and C
vertical, It follows from the conditions of plastic equilibrium
that the planes B and C make angles of (% - %) and (§'+ %) with
the sidé of the track,

The values of the principal stresses on B and C can vary
between the magnitudes shown in Fig, 5.5.23 and b, The maximum
is represented by 5.5.2a in which the Rankine Passive pressure is

developed on plane C due to a heavy load on the track causing it
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to sink, forcing soil out sideways beneath it, The minimum

stress condition shown in Fig. 5.5.2b corresponds to an active
state in which the soil at the sides of the lugs is collapsing
into the space between the lugs beneath the track, This situation
is conceivable at low vertical loads and high slips when it is
possible for the track to rise up on the plane P Q (Fig, 5.5.1a).
If there is any cohesion at alli, the active pressurevwill be
negative for small values of z near the surface, and a lower

limit will be set at about ¢ = 0 when tensile cracks will appear
on the plane B,

The state of stress at the sides of the track is therefore
indeterminate and will depend upon the relation between the
contact pressure and the soil strength, Therefore, an analysis
of the common agricultural or earth moving situation where the
vehicle is operating with high drawbar pulls on firm soil with
negligible sinkage would be very difficulit, and the best estimate
will be that in this case lateral pressure and, therefore,
frictionai lug side thrust is zere, However, where the problem
is to determine performance near the point of immobilization
(as it usually is in military and cross-country transport) it can
be assumed that the bearing capacity has been exceeded with
considerable sinkage and, therefore, passive conditions exist,

At the maximum (passive) stress state the principal stress

dl on the pléne C can he obtained from the Mohr diagram as

0'1=2c,,N¢ +XI Nﬁ es e ce s ese co e 505020
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where N¢ = tan2 (45 + %)

and the stress on the plane B as

6111 =Xz ese see e sse coe 9.5.3.

The shear stress on the failure plane F can then be
obtained by considering the horizontal equilibrium of the
triangular prism cut out of the unit cube by the plane of the
track side, This is shown in Fig, 5.5.3. and from the coﬁdition
that the resultant force in the F plane direction must be zero,
and using the fact that horizontal planes are prinecipal planes,

it follows that

Sg = (g, = 0,,,) sin (45 + g) (cos 45 + g) vee ... 5.5.4,

2

= 2¢ sin? (45 + &) 4oz [tan? 45+ &) - 1] sin (454 &)

cos (45 + %)
= 2¢ sin2 (45 + %) 47z tan (45 + %) cos (90 - #)... 5.5.5.

In the general case when this equation is applicable the track
will have sunk until the lower surface of the track plate is at
a depth z, and the grouser tip at a depth z, + h, Then the
resultant force from the two sides of a track is given by

z0 + ?}(
Hside =2¢€ Sf dz

z
o

from which

H -4chesin2(45*g)

side
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+26€ Zn h 2 tan (45 + g) cos (90 - @§) ... 5.5.6.

- h
where z, =2, + 5 the mean lug depth,

It is encouraging to observe that when § = 0, this reduces

to = 253 ¢ h,

Hside _
An interesting aspect of this equation is that the side
wall traction has three components; the purely cohesive 2 ¢ hé,

the cohesive-frictional which is a frictional stress
proportional to the cohesive part of the passive pressure given
by 4 che[siﬂ2 (45 + 'g-) - %] and the remainder a purely
frictional term, proportional to the mean depth of the lugs
below the surface,

The Mohr Circle showing the passive failure condition in
Fig., 5.5.2a appears to have only one circle and two failure
planes represented by the points F and E, However, the circle
is actually two circles superimposed on each other, one
representing the dl 611 plane and the other the 9, 9,11 planes,
There will, therefore, be four failure planes, F, E, and P, Q,

of which F along the track side and Q coming up from the tips of

L ) may be observed

the lugs at an angle of B = tan'l[
¢

under suitable conditions, These failure planes are shown in
Fig., 5.5.4,

Experiﬁental verification of this theory was attempted
using the linear shear apparatus and comparing the maximum

thrust on three track plates 30" long x 4" wide and with 1lugs
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1/4", 2" and 4" long., This is a difficult comparison to make
because on the long lug plates the total force is made up of the
shear beneath the plate, the bulldozing force at the front and an
additional frictional force due to the weight of the soil
entrained between the grousers and fallen on to the top of the
shear plate as it sinks, as well as the side shear,

The tests were carried out in dry sand with zero cohesion,
The effective value of P was obtained from the summarized
results of all the small lug tests shown in Fig, 6.4,1, These
results were less drag which was measured by pulling the shear
plates an extra 2" at the end of each test with the whole of the
weight removed,

The long lug tests were made in the usual way, measuring
horizontal force against displacement and sinkage against
displacement, The bulldoiing effect of the front lug was
measured by pulling it alone, with the weight of the apparatus
supported on a long string. A movement of 6" at zero sinkage
built up a surcharge in front of the blade and then it was
allowed to sink rapidly to give a measure of the bulldozing force
appropriate to conditions at the end of the main sef of experiments,

Typical force against horizontal movement and sinkage with
herizontal movement records for a single lug are shown in Fig.
5.5.5. This has curves for 1,1/4" wide x 2" deep and the 4" wide
x 2" deep lugs, and a result for the 4" wide x 4" deep lugs is
shown on Fig. 5.5.7., Two or three such tests were carried out

and the average value of the front bulldozing force at the final
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depth reached in the main test wss used to provide the figures in
column 3 of Tebles 5.5.1, and 8.8.2,

The experiment using the £° wide x 30" long track plates
with a range of contact presgures produced the results shown in
Figs, 5.5.6. and 5.5,7. The forees involved at the end of the
run when the shear plates had sunmk deeply are analysed in
Tables 5.5.1. and 5,5,2, The tinal mean sinkage was obtained
from the experimental sinkage curves (az for example are shown
on Fig, 5,5.6,) by adding half the lug height to them, and is
shown in column 2, The bulldozing forece is shown in column 3,
and was obtained as deseribed im the previous parsgrapk., Column
5 was obtained by multiplying eolumn 1 by .55, the mean value of
tan @ obtained from the short lug tests summarized on Fig. 6.4.1.
Column 6 shows the weight of entrained geil mulitiplied by tan @
= ,55, W was taken 3s beinglf b (zm + %), which assumes that
the sand flows over the top of the track plate like a liquid.
This was observed to be very nearly so, there being a little less
sand on the track than thig at the rear but more at the front,
The side force was obtained from equatiom 5.5,6. taking ¢ = 0

1 55 and ¥ = .pé 1b.in.”°

and @ = tan The calculated
horizontal force is the sum of celumns 3, 5, 6 and 7 and is

shown in column &, The agreement with the experimental figure
car be seen by comparing e¢olumn 8 with celumn 4, This comparison
is presented.graphically in Pig. 5.5.8. for the 4" wide x 2"

deep lugs and in Fig, 5.5.9, foer the 4% wide x 4" deep lugs, 1In

order to show the contribution ef side shear, the other three
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components have been plotted below the horizontal axis and only
side shear above. The total force points have been put in from
the lowest line so that their distance above the horizontal axis
indicates the experimental measure of side shear,

The agreement between theory and experiment is excellent
and the results lend strong support to equation 5.,5.6, The side
force calculated from Bekker's elastic theory is shown above the
horizontal axis and it is clear that it leads to forces greater
than the limiting equilibrium theory will allow, and much greater
than found in practice,

The agreement found depends upon the value of ¥ and ¢ used
in the calculations. The value of tan § = ,55 (p = 28° 36') was
the minimum obtained in the shear box tests and equal to the
angle of repose and slightly above the mean of the linear shear

apparatus results, The minimum density of ,06 lb.in."3

corresponding to the minimum shear box § was also used. The sand

under the track plate was at a higher density than this to start
with and it is assumed that it reduced to the minimum under the
influence of the very large disturbances caused by the
horizontal movement of up to 12" and sinkages of up to 5", The
use of a higher value of § in the calculations would have upset
the agreement with experiment and would have made the prediction
using Bekker's equation even worse, To make Bekker's equation
fit the experimental res:its, a value of tan # = ,435 (@ = 23%°)
would have had to be usecd. There is absolutely no way in which

this could be justified,
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It is difficult to draw any firm conclusions from the
results of this analysis - other than that the equation 5,5.1,
used previously is wrong and that it over-estimates the
frictional tractive effort, A major indeterminancy arises due
te the difficulty of deciding when full passive conditions arise,
although these may be reasonably expected to occur when the

contact pressure exceeds the surface bearing capacity given by

- 1
q ch+ zrb I\‘IV LI N 2 o o0 ¢ o0 L K N ] * o @ 505'7.
Equation 5,5.6, is dimensional and complex and this in itself

precludes general conclusions, However, a few trial calculations
strongly suggest that the frictional component of sidewall
traction is quite small in the casé of real vehicles, To
illustrate the implications of the analysis consider a tractor
weighing 5,000 1b, on long narrow tracks with a length of 50" and
width of 6" and nominal ground pressure of 8.33 1lb, per sq. in,
Fig. 5.5.7. shows the tractive effort for a soil where § = 30°
and ¢ varies between zero and one 1b, per sq. in, Because of the
narrow tracks the contact pressure is always high relative to the
bezaring capacity, and use of the full passive state theory is
justified,

It will be observed that in a purely frictional soil the
practical 2" lugs gained about 2% over a rough track without
lugs while even if the lugs were made 6" long the gain only rose

to 11% (Note that using eguation 5.5,1, this latter figure would

have been 50%).

77




If the soil had been purely cohesive the lugs would have
been vitally important, The 2" lugs would have increased
traction by 67% and the 6" by 200%.

In the ¢ -~ @ soil with ¢ =1 p,s.i, and @ = 30°

the 2"
lugs give a gain in traction of 19% and the 6™ lugs a gain of
60%, In each case, nearly half the gain is dependent on the
friction p, |

It is clear in this example that if only the purely
cohesive side traction had been included, then an appreciable
error would have been made, It seems reasonable to take into
account the frictional side force even if it is small because an
accurate theory is not likely to result if small items are

discarded here and there, The traction equation, for a single

track, then becomes

H=b£C+ W tan ¢+ HSide ) cee coe see 505080

where for o0 < q

H =26 he

side
and for o > q

Hside is given by equation 5,5.6,.
5.6. Slip and Excavation

The relation between the slip of a grousered track and its
sinkage due to excavetion is very widely misunderstood, due
principally to an erroneous account of the phenomena in
Reference 9, In this account it is proposed that this sinkage

increases linearly along the track giving rise to a tail down
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trim angle,

The true state of affairs can be understood by reference
to Fig. 5.6,1a which shows a track with grousers of height h and
spacing e operating at 50% slip on a firm cohesive soil, The
grousers are placed in the soil and begin slipping backwards at
half the vehicle speed and before they are lifted out of the
ground they will have moved half the track length, The distance
moved by each grouser from its original place is shown on the
diagram, The grouser B will slip half the track link pitch e
before the grouser A is placed in the soil, Therefore, half the
space between A and B will have been excavated and the track
plate carrying lug A will stand on a column of soil of length
1/2 e, If the strength of the clay is nicely chosen with respect
to the contact pressure of the tractor, these blocks can remain
intact and are moved bodily along sliding over the main body of
the soil, This situation is shown in the photograph of Fig.
5.6,3, which shows the track print from a model tractor operating
at 50% slip; ‘The important point to note is that the bleock of
soil between the lugs A and B cannot be diminished in volume due
to motion after the lug A has entered the ground ~ because these
two lugs are held at a fixed distance apart by the track chain,
Therefore, all excavation is entirely concentrated at the front
of the track, At fivrst it may appear that the process described
will leave a series of recstangular holes in the surface of the
soil, and that, therefore, a volume of soil will have disappeared.

This is not so., The hole opened up at the front of the track is
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closed up again at the back when the last 1/2 track pitch of
movement neatly slides the block F up against the now stationary
block G, leaving a level surface once again, Normally, of course,
the block of soil will collapse to fill up the space between the
lugs and this will happen right at the front because if it
doesn't the track plate will be above the general level and will,
therefore, have a large part of the vehicle's weight‘concentrated
on it,

The relation between the sinkage due to excavation and the
slip i and 1lug height h can be determined by reference to Fig.
5.6.1b, The kinematics of the track motion has been simplified
to a right-angled vertical then horizontal movement to clarify
the situation; this does not affect the final answer, The track
is assumed to have attained a level sinkage z, due to excavation
only and the middle grouser will have excavated a hole of depth
(ze + h) and length (i,e.) which will be beneath the incoming
track plate. If we now assume that z, is caused by the collapse
of the column of soil beneath the incoming track plate and that
this sinkage is sufficient to cause the soil column to
completely f£ill up the space beneath the track plate then it
follows that

Area ABCD = Area EFGH

and: (1 - i) e (h + ze) = eh
or < B om—— ase cee . 50601

This relation is illustrated in Fig. 5.6.2a which shows that the
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sinkage due to slip excavation is small at the low slips at
which track layers normally operate becoﬁing equal to thé lug
height "h" at 50% slip, From then on the sinkage increases
rapidly to infinify at iOO% slip, |
- Figure 5,6,2b illustrates the process of,filling in that
occurs behind a track which sinks due to excavation, It shows
two links following each other to the end of the track and then
lifting vertically upwards, and makes it clear that the second
1ink bulldozes soil left by the former up into the rut which is
thereby filled in, This is an interesting difference hetween
excavation sinkage and sinkage due to vertical loading and slip,
which cohpact the soil and displace it to the side of the vehicle
and leave a rut, In excavation sinkage the vehicle digs a rut,
gets down into it, then gets out and fills the rut back in again,
In order to verify equation 5.6.1, experimentally it would
be necessary somehow to separate sinkage due to excavation from
that dueﬂtq vertical load and slip, This could possibly be done
in a soft clay using a tracked tractor with contact pressure
rather‘less than the bearing capacity, In this material slip
.sinkage would be negligible and the sinkage due to contact
pressﬁre could be assumed constant, Tests would be run at
constant slip using wires wrapped around drums of different
diameters fixed to the driving sprockets, The drawbar pull
would be mea#ured_from the force in the slip wires and the
resulting load transfer ccunterazcted by means of the sliding

weight,
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5.7, Slip_and Contact Areg

Slip does not usually have any effect on contact area, any

excavated zones being normally filled up by collapse of the
remaining soil pillars, However, in the situation described in
the beginning of the previous section where the tracklayer is
operating on a firm plastic clay with bearing capacity
considerably greater than the contact pressure, this is not so,
As the slip increases, the blocks of soil between the track
grousers decrease in length and the contact area diminishes in
proportion to the slip, so that A =i b&@, The drawbar pull slip
relation becomes similar to that shown in Fig. 5.7.1lay The pull
increases rapidly with slip at first in the normal way until
nearly the normal maximum is reached, After that the effect of
the diminishing contact area decreases the pull linearly with
slip, A third phase occurs when the area of the blocks of soil
is insufficient to support the weight of the tractor and they
collapse so increasing the contact area again, during this phase
the drawbar pull becomes constant at a low level,

This phenomena can be readily observed in the laboratory
and according to a verbal communication from Mr, P, H, Bailey,
it has been noticed during the standard test of crawler tractors
on grassland on heavy clay at the N,I.A.E,

If the contact pressure is very low relative to the bearing
capacity it is possible to get a reduction in contact area to
below the value i b e. This is caused by the block of clay

flowing beneath the lug tip as the lug pushes it along, When this
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happens the blocks develop a curved leading edge (flpw is greater
at the ends of the lugs) and‘diminish in size from front to back
of a tractor track, Fig. 5.7.1b is a photograph of the track of
a model crawler tractor operating in saturated clay showing this
effect, Fig, 5.7.2. shows the same phenomena in the same clay
but beneath a Bevameter annulus, here the motion of each grouser
is the same and therefore the flow is the same all round the ring.
This flow effect only happens at low contact pressures and
this gives rise to a change in shape of shear stress deformation
curve obtained from a Bevaméter at the normal loading increases.
Typical results are shown in Fig. 5.7.3, in which the test at
= ,44 is the one from which Fig, 5.7.2, was obtained.

g
5.8, The Effect of Grousers on Rolling Resistance

If grousers were placed into and taken out of the ground
by means of the rectilinear motion shown in Fig., 5.6,2. then the
only effect on rolling resistance would be due to carrying the
vehicles weight on a heavily loaded area (the lug tips) and a
lightly loaded area. This would probably lead to an increase of
work done in soil compaction, particularly in sand, although this
is a proposition that is difficult to prove. 1In practice, how-
ever, the lugs are placed in and taken out of the soil in a way
that involves rocking them ihrough an angle when viewed in the
vertical plane containing the track, This rocking motion
involves both.diggiﬁg and horizental compression of the soil and
consumes energy, some of which may have to come from the tractive

effort, The loss due to this effect does not appear to have been
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investigated, at least in any published work, although it is
generally believed that the loss will be minimized by placing
the lugs at the front of the track plates as they enter the soil,
(i.e. the opposite way around to that shown in 5,6.2, for
convenience).

The excavation due to slip described in the previous
section obviously needs energy but this comes from sprocket
torque and does not reduce traction -~ until the tracfor chassis
bottoms, It may, therefore, be concluded that the additional
drag due to grousers will be small and will only exceed the gain
in traction where this is a minimum, that is, in sand. It would
seem worthwhile to investigate the digging loss involved in

grouser action in order to find out how to minimize this,
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6, THE MEASUREMENT OF SHEAR STRENGTH BY SURFACE SHEAR DEVICES

6.1, Introducticn

Linear and annular surface shear devices hané beent
introduced by agricnltural endineers (N.I.ALE, ?Snear box)
earthmoving engineers (sheargraph) and m111tary eng1neers
(BeVameter) to meet thelr common need for in-situ measurements.
The requirement is for a test that can be made on or near the
surface, under drainage and’rate‘ef sheaf circnmstances that
simulate those of a vehicie or implenent. ‘The top soils met
with are unsnitable fdf remonai to the lsbefétory because of
their friable nature and thé presence’of'vegetationg

Séveral such dévicés ﬁavc benn uséd extensively in the past
feﬁ years, but ddnbts remain tnat thej do in fact measure c¢ and
g, These doubts spring frdm a small number of attenpts that have
been madevte'conpare the values obtained from the surface devices
with the traditionalllinear shear box and triaxiai machine, Such
attempts have usually disclosed significant differences, but very
little deflnite informat1on has been pub11shed The reason for
this is qulte simply that the pr1nc1pal conclus1on from such work
has been that it is extremely difficult to measure shear strength
by any single method let alone several, Researchers have not
had suff1c1ent confiderce in their sk111 and the quality of |
the1r results to publiis their fxndlngs.

It is important that the ‘situation be clarified because ¢

and § are the foundation of all soil mechanics, and it is



intolerable that this should not be absolutely sound, One
possible explanation for the prevailing doubt is that the basic
Coulomb equation,

s =c+ 0 tan § cee  ses  see  ese  ees b6.1,1,
is inadequate to describe soil shear strength, This inadequacy
can arise conceivably from the equation's neglect of drainage
and soil water pressure effects, the lack of a time-dependent or
speed term and the two dimensional nature of thé equation
although it has to be applied to a three dimensional world.

Drainage and pore pressure effects are the principal
problem confronting civil engineers and they are indeed
formidable - at least if the volume of published work is any
guide, This fact often leads the civil engineers engaged in soil
vehicle mechanics work to take up a particularly pessimistic
attitude towards theoretical solutions based on shear strength.
However, it does not appear that any real difficulty arises with
respect to vehicles and implements in the more common soils. 1In
the case of saturated clays the rate of loading is so rapid that
there is no doubt full pore pressures will develop and that
friction angles will be small and that the quick undrained
triaxial test is appropriate, For saturated'sands the situation
is simplified because we are interested in a free surface
condition with no porsible confinement or hydraulic head to give
rise to a neutral strsss, A drained test therefore is
appropriate, These twc prepositions would be very easy to verify

experimentally and it would be well worthwhile to do this., The
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two extremes of sand and clay are opposites in that one is a
drained case and the other undrained which suggests that some-
where in between, perhaps in the silts, lies a situation where
the effective stresses are a function of vehicle speed, and
where care would be necessary in the determination of shear
strength,

The effect of speed of shearing has been treatgd in too
casual a way by soil-vehicle mechanic workers in the past, and it
has in fact usually been ignored, Evidence is accumulating that
within the range between the "fast" speed of a standard triaxial
machine (,001 inches per second) and the shearing speed of a
wheel or implement, say 5 m.p.h. or 60 inches per second, very
considerable changes occur, This is quite possibly one of the
prime reasons for the variations found between the results of the
various shear tests; At the very least it seems reasonable to
make all shear tests at a fixed speed, say 24" per second, This
would require motorization of hand-held devices like the N,I.A.E,
Shear box and Sheargraph, speeding up the laboratory tests and
the use of recording instrumentation,

The difference between the two dimensional and three

dimensional situation is best described in terms of the magnitude

of the third principal stress which is intermediate in size between

the two which act to cause failure under plane strain but is
equal to the minor principal stress in triaxial conditions,

33, 34, 35

There is quite a lot of evidence accumulating that § at

least is dependent on the value of the intermediate principal
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stress and that an increase of about 10% is possible between
triaxial and plane strain conditions, This is a most unpleasant
possibility which would considerably complicate matters, It
would seem to be necessary to make a serious effort to come to a
definite conclusion on this point,

In the course of the experiments concerned with slip
sinkage and side shear forces, it was necessary to dptermine ¢
and § for the soils used, and the opportunity was taken to make
some ohservations regarding the behaviour of the surface shear
devices,

6,2, The Effect of Side Shear

The usual form of Bevameter annulus has thin lugs in order
to produce soil-soil failure and these present two vertical
shear surfaces as well as the main horizontal plane, The
standard Land Locomotion Laboratory procedure is to ignore the
vertical shear surfaces and it would seem a good idea to see if
this is justified, To simplify matters the frictional and
cohesive stresses on the side will be considered separately,
using the equation developed in Section 5.5,

According to equation 5,5,6, the frictional side force per

unit length of one side, F¢ is given by

Fg = h 2, ¥ tan (45 + g) cos (90 = B) .. ...  6.2.1.

The greatest value of h that would be used in a measuring
instrument is X", and the maximum sinkage about 6", Considering

a value of @ of 30° as a commonly found value, we arrive at a
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maximum likely value of F as

F= ,078 1b, per inch

Assuming the annulus to be one inch wide and that a normal
pressure of 6 p.s.i, is required to give the sinkage of 6", we
have that the side force (2 sides) is ,156" 1b, per in, compared
with the base frictional shear of 3.45 1b, per in, If the side
force is ignored this gives an error of about 4K%, The surface
bearing capacity would be only about .6 1b, per sq, in., so that
passive conditions at the sides can be assumed to exist for all
readings and therefore equation 6,2,1. will remain valid., At
lower contact pressures the sinkage will diminish roughly
proportionately and therefore the error will remain about the
same,

An error of 4%% is net acceptable and one possibility
would be to incorporate equation 5,5.6., into the annular ring
situation and analyze the results accordingly. This is hardly
practical since it would excessively complicate the reduction of
the experimental data, ¢ and § would be mixed up and the
sinkage would have to be measured and different equations used
depending on whether or not q <o < q

The more practicable approach is to reduce the ratio of the
vertical to horizontal areas. There is no reason to believe that
a grouger height of 1/10" is inadequate, and this in association
with a 1" wide annulus would reduce the error due to the
frictional side shear to less than 2%.

The cohesive side stresses can be divided into two parts,
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one which may be termed purely cohesive and equal to the soil
cohesion ¢, and the other the cohesive~-frictional component
whose magnitude depends upon the extent to which passive
conditions exist at the side of the lugs., For full passive
conditions this is given by ¢ [2 sin? (45° + g) - 1] which
gives ¥c at P = 30° and zero at § = 0, It is unfortunately very
clear that neither of these two cohesive stresses can be ignored
because with the 1/10" lugs on the 1" wide shear plate the
cohesion will be measured with an error of 20% at § = O and
between 20 and 30% at p = 30° depending on whether q { 0 < ¢q

If the total cohesive stresses on the vertical surface are
given by gc where g is somewhere between 1 and 2 sin® (45° + g)
depending on whether q < ¢ < q, then for an annular shear ring of
inside and outside radii r, and r, and lug height h we have from

b3 Mo =0

T= (¢c+ 0 tan §) %—-ﬂ-—(ro3 - ri3) + ?c 2'7'1(1'02 + riz) h

or rearranging

T = c[%ﬂ(ro3 - ris) + 2 h*n(ro2 + rizlf] + 0 tan ¢[%Tkr03 - ris)
ses 6.2.1,
This equation of course assumes that the full shear strength of
the soil acts uniformly across the base of the annulus,
»Equation 6.2,1. is a straight line relationship between
T and ¢ which is shown plotted in Fig, 6.2.1, ¢ and @ are

determined from the graph in the following way.
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tan | : ’ |
tan”gg-_"(ranrg) s e K oo e 602020
3 0 i

If the annulus sank an gppreciable amount, say z > %, then passive
conditions can be assumed to exist at the sides and ? can be
taken as 2 sin2 (45 + %), if it did not sink then‘? =1,

The cohesion is then determined from the intercept value

To at 0 = 0, by the equation

T
c: 0 * 69 6.2.3.

27 3 _ .3 . 2 2
3 (ro ry )+ 2 h (ro + T )g

The same principles can be applied to a linear surface shear

device of length 1, width b and lug height h, using

tan ¢=_t__§_l;__§‘ | ® 6 e ao's o e 2 6:2.4o

and
H

— (4]
c—b1+ 96 h1 eee e e oo 602000

Yhere K is determined from the sinkage and @ as before,
6.3. Drag

The linear shear device is subject to excessive amounts of
drag force which cannot be analysed and used in the determination
of ¢ and §., This force comprises the bulldozing on the front
grouser and drag on the side of the supporting member and top of
the shear plate due to the soil collapsing after some sinkage.
The front drag forcss can only be minimized by a high % ratio,
but this will give high side drag forces.

In a soil like a dvy sand where cohesion is known to be

zero, the drag can be separated out by removing all of the
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applied weight (including that of the shear plate itself) and
continuing the test, This was done for all of tﬁe slip-sinkage
experiments and typical results are shown in Figs, 7.2.3. to
7.2.7. from which it is seen that drag is dependent on sinkage
which i: roughly proportional to vertical load, giving an
approximratcly constant value for the drag of 25% of the
horizontal force, In the case of the very high aspect ratio
90" x 2" sandpaper tests shown in Fig, 7.2.9. this fgll to about
15%. In the clay the drag problem is diminished because of the
small sinkage and the problem was overcome by cutting z groove
in the clay equal in width and depth to the shear plate, which
effectively eliminated the front bulldozing force,

The Bevameter was treated the same way in the sand and the
drag measured with the normal load removed, A typical result is
shown in Fig. 7.2.11., from which it can be seen that the maximun
draqg is very much smaller than for the linear devices and that it
remains fairly constant in magnitude, It constitutes 33% of the
horizontal force at 0 = 1 1b, per sq, in. and z = 1" but falls to
about 10% at ¢ = 4 1b. per sq, in. and z = 4", The drag probhlem
can therefore be overcome by the unloading technique in dry sand
and is probably negligible in clay but presents a major problenm
in loose loams where sinkage is considerable and both ¢ and §
have to be measured accurately, It must be concluded that the
present design of Bevameter ring is unacceptably crude and that a
new design is needed in which the drag is not included in the

measured torque, Fig., 6.3.1. shows in principle a way in which
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this can be done, The grousered ring A is supported from the
main loading cylinder B by three strain gauged cantilevers,
Torque on the ring is measured from the bending of the cantilevers.
Rubber sealing rings D are bonded to the steel parts on their top
and bottom sqrfaces and must be soft to accommodate relative
movement without taking too much load off the strain gauged
cantilevers, This design also has the advantage of minimising
the inertia torques that are transmitted to the stréin gauges,
This will be a major difficulty if this type of instrument is to
be used at vehicle speeds, It is plain that there are several
problems to overcome in this design but they are not insuperable.

6.4, Kinematics of Surface Shear Devices

The constants in equation 1,2, this is ¢, # and k, would
ideally be measured using an infinitely long straight shear
plate or an annular ring of infinite radius, Infinitely large
measuring devices are somewhat inconvenient to use and the quite
small radii and lengths used in practice will affect the values
obtained for all the soil constants,

Fig, 6.4,1b shows 5 shear plate of length 1 that has been
moved horizontally a distance j from its initial position shown
at a. Imaginary vertical lines in the soil will be bent by this
movement somewhat as shown at b, The soil beneath the rear
portion of the plste of length 1 - j will all have been deformed
horizontally'a distance j but under the front portion of length j
the deformations diminish linearly to zero at the front of the

plate, Since the deformations at the front are less, the shear




stresses are less and the mean shear stress will be lower than
would be measured by an infinitely long plate after the same
deformation j, If the shear stress beneath an infinitely long

footing is related to the deformation j, by

-4

. 4
s.smax (1 - @ ) s oo e co e L) 604010

then for a footing of finite length 1 the relation will be

-+
smb1'= b bmax (1 ~e ") (1 -J)+0D }A s dj
0
A X
K K
=bsmax [(l-ex) (1 - j) + (1+-3‘-ej --3=) j]
A
. _ K X K
o.sm_ smax [1 -T- e (1 "'-i"'{' )] ss e cee 604.20

Whereas equation 6,4.1., is an exponential in which s tends towards

K
s in equation 6.4.2. 5, tends towards s (1 - <), H also

max"* max 1

moves towards this lower asymptote rather more slowly because of

K
the d% term in (1 - 1~ %). The f relation from equation
max

6.4.2. has been plotted in Fig. 6.4.2, forj%==oﬂ and % = 10,

This makes it clear that if linear shear plates are to be used
for measuring ¢ and # then % must be at least 30 if an acceptable
accuracy is to be achieved (the error here will be - 3%), 1In
practice K is found to have a maximum value of about 1 in sandy
soils, (Note that 95% of Snax 1S reached at a deformation of 3K
inches, or 3 inches for sand with K= 1), Therefore it seems

that 30" is a minimum length for a linear shear plate.

94




An annular shear plate is shown in Fig, 6.4.3, If it is
rotated through an angle 6 then an elementary ring at a radius r
will move a distance 6r, If the relation between the stress and
deformation beneath an infinite strip is given by equation
6.4.1. (1.2) then for the elementary ring,

-xf
K

s
9=smax (1 - e ) eee oo LI IR o0 604030

In the shear annulus therefore, the deformations and hence the
stresses will not be uniformly distributed across the ring, and
the relation between s and 6 will be quite complex, The shear
stress is obtained from measuring the torque applied to the ring
which will be equal and opposite to the sum of the torques due

to the shear stresses acting on annular rings. It follows there-

fore that,
T. = 27 o (1 i ) r2 d
0o - Smax )/’ - e r r
ri e
r
r03 - ris 2 ro3K 2K2r0 2k3
= 275, .x 3 + e 5+ =+ —3)
e 3]
r.0 :
- Ty 3 2 3
x ri K 2K ri 2K ) . [ 3 2 * o0 L ] 6.4‘4.

- e ( + +
3 92 93
In practice it has been assumed that the shear stress is uniformly

distributed across the ring and concentrated at a hypothetical

"mean radius" r . This uniform stress is then obtained from
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3 3
ro - ri se 0 L 4 L LN [ X X 6.4‘50
2 2 g7 3
and the s -~ j relationship is assumed to be given by
r O
- . m
s = 8 (1 - e ). coe eee  eeae ees 6.4,6,

max

where rm_is obtained from either

-r " * r ) v . . . N R -

rm = . 2 i . | .000 o0 A 000‘ ) 000. 6.4.7.

or - . rm - " 2 2 1 . : ces ‘cee cee . eee N 6.4."8.‘
3(r°v =T

The first‘has no theoretical justificatiqn, The second follows
logically from the assumption of uniform stress‘distribution
since it is obtained from dividing the torque by the stress
multiplied by total annulus area (or shear force) to give the
effective radius,

The validity of the uniform stress assumpiion was checked
for the case of an annulus with r, = 3,625 and r, = 92,625 and
area of just below 20 sq., inches, The stress as a function of
angle of twist was calculated from equation 6.4.4, and cohpared
with the fesults from ﬁsing_équations‘6.4.5} and 6.4,7, for the
case of a soil with X = 1, No significant difference was obtained
and therefore it maymbe concluded that thi§ particular annylu;

has a sufficiently high ratio of Tn to justify thevugiform

To = Ty

stress assumption,
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Solid circular shear devices have become popular because
they offer some practical advantages in comparison with an

annulus, The first was the N.I.A.E, Shear box36 which is

usually 5" in diameter and it was followed by the Sheargraph.37
These devices are never used to obtain the deformation modulus
k but only ¢ and p, and from equation 6,4.4, it is clear that

ultimately as ?——~)eo the full value of S max will be approached,

a
Fig, 6,4.4., shows the shear stress-angle of twist relationship
for the 5" dia, shear box on a soil with K= 1, compared with

the curve for the 1 inch wide annulus of the same base area
previously discussed, The slow rate of growth of the curve for
the circular box is very striking, and could lead to a
considerable error if it is not twisted far enough, In practice
using the box with a hand torquemeter it is unusual to turn it
through more than 90° and this will give a value too low by about
8%. This problem will of course diminish in cohesive soils as k
gets smaller, This theoretical result is borne out by practical
experience in which the N,I,A,E. shear box gives the same values
of ¢ and § as other methods for most soils but lower values for
dry sand,

6.5. Experimentzl Results

In the clay the linear shear apparatus gave a value for c
about the same ag the triaxial and vane tests and showed 1little
evidence of ahy 6. (S8ee¢ Fig, 7.2.1.) No attempt was made to

use it to measure the strength of the wet sand due to the

difficulty of allowing for the drag forces, In the dry sand

97




the drag could be easily discounted by éoniinufnd the hbfizbntal
movement for a short distance with the sheér plafe counter-
balanced to zero normal load, The résults Bf th;se tests §¥e
shown in Figs. 7.2.3. to 7.2.9. and are summafised in‘TabiQVG.S.l.
which shows ghe maximum shear stresses‘obtainQd after thé‘drag
has been deducted., Tlinear shear box tests were carried out at

maximum and minimum densities of ,0705 lb.in.'3 and ,059 ll>.in."3

and also at the density of ,066 1b.in.’3

which was prqduced in
the soil bin by the action of the vibrating rake. The shear boi
results are shown in Fig, 6,5,1, The lower value of 28% 36 was
corréborated by measurements of the angle of repose and the:
increase in @ of just over 7° due to the maximum increése in
density is in accordance with general experience.38 39

| The pointsz representing 28 tests u#ing the linear shear
apparatus and the Bevameter are marked on the figure. Théy stﬁft
ffom the origin and move along the shear box liﬁe atxcorresponding

2 they fall below even the minimum

density but above 1 1b.in.”
shear box line and are scattered about a line corresponding to
g = 26° 36' or tén = 0,5, It seems therefore that the linear
shear plate gives a measure of tan @# of 0.5 compared with ,625
frqm the shear box at the same density. This is a reduction of
20%. -

This remarkably lew value of ] has!been cbmmonly observed
in the work aﬁ Newcastie and also at the Army Mobility Research

Centre at Vicksburg (verhal communication). and is characteristic

of both linear and annular surface shear devices, It is usually
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not noticed because it often happens that it is almost exactly
compensated for by the drag. It is a phenomenon that needs
explanation,

The preceeding section on kinematics was prompted by the
search for an explanation and while it is clear that this will
account for some reduction, it will only be of the order of 3%
for a shear plate of i ratio 30:1 as was used, \

Tt is generally held that the change from plane strain to
triaxial conditions reduces the effective value of # by about 10%,
Presumably conditions in a shear box approximate to plane strain,
and it should therefore give a high value of @, The stress
conditions beneath a vertically loaded plate will also be plane
but it appears that as a horizontal load is added they will tend
towards a triaxial condition, This would be clarified if it was
possible to accurately describe the state of stress beneath a
shear plate under slip sinkage conditions. So far this has not
proved possible.

It was suggested that since the shear box was operated at
a very slow speed (,001" per second) and the shear plate quite
fast (1" per second) this might be 2 cause of the difference,
The slip sinkage rig was therefore operated at ,003" per second
by means of the slow speed transmission described in Section 2,
The results were opposite to what was hoped for, the value of
tan @ falling’to an evern lower figure, The elasticity of the
oil in the loading ram permitted the development of stick-slip

vibration and separate static and dynamic valuas of tan @ = ,42
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and ,37 were obtained,

It seems that this low value of # 1s part of the slip
sinkage phenomena because it is not observed at values of o
below the bearing capacity nor with clay soils in which slip
sinkage is not so severe., It is shown in Section 7 that slip
sinkage ocours because the applied horizontal force “uses up”
some of the sofl's available shear strength leaving less to
support the vertical load, It seems likely that the converse
also true and that when the shear plate is sinking vertically
less shear stress is available to overcome horizontal loads,
This would imply that the horizontal soil surface across the
tips of the lugs of the shear plate is not a fallure surface,
is commonly assumed and as the longitudinal symmetry seems to
demand,

It can be concluded that the reason for the low shear
stresses will not be clear until a satisfactory stress and

shear plane pattern has been discovered,
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7, SLIP SINKAGE

7.1, Introduction

The Land Locomotion Laboratory soil values system is based
on measuring the resistance offered to vertical and horizontal
loads as functions of the resulting deformations in two separate
tests, The horizontal load test is carried out by first loading
the shear plate vertically and then horizontally, and is there—
fore an inclined load test at varying angle of inclination,.
Vertical deformations during this test are ignored. The
information from the two tests is then fed into the vehicle
situation making the assumption that the principle of super-
position applies and that sinkages due to vertical loads are not
influenced by the existence of horizontal loads., This is an
unjustified assumption made for simplicity in the face of the
fact that additional sinkage is seen to result from the shear
forces in a large proportion of horizontal load-deformation
tests, It is now well known that in fact horizontal loads
reduce the capacity of the socil to support vertical loads and
that therefore the sinkage of vehicles is a function of drawbar
pull or slip and the phenomena has come to be known as slip
sinkage, The drawbar pull of a tracklaying vehicle applies a
longitudinal horizontal force to the soil beneath the track,
The corresponding strip foundation problem is shown in Fig.
7.1.1a and there does not appear to be any published work on

this situation. It is a three dimensional problem with a plane
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of symmetry and should not be confused with the laterally loaded
strip foundation problem shown in Fig, 7.1.1b, This has been the
subject of much work and reasonable useful solutions ére'
availab?é?oit is a simpler two dimensional problem., These two
separate vehicle and foundation situations both tend towards the
same problem as the aspect ratio diminishes and they become
square corresponding roughly to the contact patch‘of a wheeled
vehicle, |

The efcht of slip sinkége on the performance of a track-
laying vehicle has been discussed by Reece and Adams. 10 They
show that since the horizontal stresses and deformations increase
from front to back of a slipping track, then so will the
additional slip sinkage, causing the vehicle to take up a tail
down attitude with a trim angle O,

A theory was doveldped to take into account the slip
sinkage angle O assuming that it could be expressed as a
function of j the linear deformation as a result of static soil
tests,

Fig. 7.1.2. shows the forces acting on a tractor with trim
angle O,

From the vertical equilibrium -

]

W ipfh cos O + Isfa sin © Xy e cee ‘ 7.1.1,
where Sa is an element of ground contact area, From the
horizontal equilibrium

L= isSa cos 6 - Xﬁgﬁ sin O cee P see 7.1,2,
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From equation 1.2, at a slip i

Isfa = H, = B ac + Bap, tan P e eee cos 7.1.3.

il |
kK £ kg
where B = 1 + iT ° - 11 is a function of slip that is

obtained by integrating equation 1,2, along the track length
and ap, = IpJa
Substituting 7.1.3, in 7.1.1,

W=p,a cos 6 + acB sin O + pya B tan # sin O

from which

= N - acB sin O
3Pn ~“ cos O+ B tan P sin O cee  ese  ee. T.1.4,

Substituting 7,1,4, and 7,1,3. in 7.1.2,

W - acB sin B
cos 6+ b tan @ sin 6

L = acB cos O + (B tan § cos & - sin 6)

coe cee 7.1.5.

when 6 = 0 this reduces to

L= acB+ Wtan § B ceo coe T.1.5a,

Although equation 7,1,5. is only a simple trigonometrical
function of the factors in equation 7.1,5a, it is complicated
enough to obscure the basic mechanics of the effect of the tilt
angle, This can be seen by returning to Fig, 7.1,2, from which
it is clear that there are three components to the reduction in
traction represented by the difference between equation 7,1,6,
and 7,1.5. The totzl scrmal force and therefore the frictional
traction on the contact zrca is reduced because part of the
tractor's weight is supperted by the vertical component of the

shear stresses., The part of the shear stresses contributing to
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traction is reduced because these shear stresses do not act in
the direction of the drawbar pull, Part of the shear stress is
used up overcoming the backward component of the normal stresses,

It was at first thought that the whole of the effect of the
tail-down sinkage could be described as an additional rolling
resistance, to be called the slip-sinkage-rolling resistance,
However, it is clear now that only the last of the three
components described above is in fact a force opposing motion
that fits the description of a rolling resistance, It is
suggested that the reduction in traction be called the slip-
sihkage-loss,

For an infinitely long track at 100% sliﬁ on a cohesionless

soil equation 7,1,5., simplifies to

-y tan P cos O - sin 6
L W cos ‘64' tan ¢ sin-e so e see XX Xy 7.1.6.

This is the Micklethwaite equation, L = W tan §, modified to
take account of the effect of the trim angle. Tt is useful in

that it gives an impression of the magnitude of the effect., The

tan § cos 6 = sin
cos O+ tan @ sin

0 to 20° at various values of @ in Fig. 7.1.3. This shows a

function

has been plotted against © from

very drastic reduction in pull for quite small trim angles, the
reduction being greater for small angles of @, 10° is probably
a severe trim angle fcir ¢ full sized vehicle in the field and in
this case traction is #c7.-#2 to 70% of W tan @ for ¢ = 45° and

63% of W tan @ when § = 20,
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For an infinitely long track at 100% slip in a frictionless

soil equation 7,1,5., reduces to

L=oac [cos 0+ sin 6 tan 8] - Wtan 6 ... ... 7.1.7,
The function cos 6 + sin O tan 6 is only very slightly greater
than 1 for O between 0 and 20° and the equation can therefore be
simplified to

L= gec ~Wtan 6 sse see ese  14,1,7a.
This carn be considered as the normal drawbar pull minus the
component of the vehicle weight acting down the "hill"
represented by the trim angle, It is interesting to note that
in the purely frictional soil the reduction is considerably
greater than this,

The effect of slip sinkage on a wheel will be to reduce the
supporting capacity of the seil beneath the axle where the shear
deformation is greatest., This will mean that the pressure
distribution changes so that higher pressures exist at the front
where they have greater backward components and therefore rolling
resistance will be increased, Traction may be reduced because
nermal pressures are corncentrated to the front of the contact

15 showed

patch where shear deformations are a minimum, Wills
that this will cause a reduction in performance in the case of
very short contact patches,

The mechanics ¢f z wheel have not been satisfactorily
worked out foi situations in which slip-sinkage is unimportant so

it therefore seems reasonzble to cencentrate on the simplest

possible situation concerning a rigid tracklayer, Since pressure




distribution appears to be of secondary importance, the problem
will have been solved if the trim angle 6 can be predicted, This
could be done if the relationships between zg and s, 0, j for
varfious track widths could be determined in a simple test
analogous tc the Bevameter annular shear test,

It was therefore decided to explore these relationships
using linear shear plates of varying widths, The plates could be
loaded vertically with dead weights and forced to move
horizontally while remaining free to sink but not tilt, Suitable
arrangements were made to measure the horizontal force as a
function of horizontal movement and the actual trajectory of the
shear plate as a curve with x and 2z coordinates. The apparatus
is shown in Figs, 2,1.,1, and 2 and it should be noted that the
pressure distribution beneath the shear plate is not affected by
the external loading. The moment caused by the difference in
height of the horizontal motion ram and the grouser teeth is
counteracted by an equal and opposite moment in the double
parallel linkage, Tests were conducted in the dry sand, wet
sand, and clay.

The apparatus can be used at constant rate of horizontal
deformation using the hydraulic transmission systems shown in
Figs. 2.1.2, and 2,2.1, and to give different velocities,
Alternately it was irtended to use controlled horizontal loads
by slowly increasing the precssure applied to the ram, by steadily
fincreasing the pressure setting of the relief valve in the

circuit, So far there has only been sufficient time to carry out

106




.
constant strain rate tests,
Vehicles épﬁly a steady rate of horizontal strain to the

soil corresponding to the slip velocity. The ﬁroblem here is to
- determine the slip sinkage &s a funétion of‘applied horizontal
deformation, There does ﬁot at present seem to.be‘much prospect
of obtaining a theoretical solution to this problem, because
there is little understandihg of the relation between horizontal
stress and deformation, The foundation problem is réther
different in that it is usually the horizontal load which is
fixed, and it should be possible to determine the resulting
sinkage, at least for incompressible soils,

The aim of investigations of slip sinkage must be to evolve
a suitable equation for relating slip sinkage, z,, to the slip
deformation and the length, breadth and pressﬁre on the contact
area. This would be another curve-fitting equation the constants
of which would be determined from a suitably designed soil loading
test, Such an equation would be most likely to succeed if it was
derived from a theory relating the sinkage of strip footings to
the magnitude of the vertical and longitudinal forces imposed on
them., Such a theory would have considerable academic interest
and it would fill a real gap in our understanding of the bearing

capacity of foundations.

7.2, Observations Concerning Slip Sinkage

Typicalvresults cf the constant strain rate-slip sinkage
- experiments are shown in Figs. 7.2.1, to 7.2.10. Each graph

shows sinkage z as a funcition of horizontal movement x at the top
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and horizontal force as a function of xﬁatifhe”bottom, both for
various values of the mean coniact pressure C. The upper and
lower horizontal scales are different in most of the figures.
The results of 28 of these experiments in the three soils are
summarized in Fig. 7.2.12, where the sinkage after 3k was chosen
because it is just sofficient to make the soil develoo nearly its

full shear strength, (95% if the so0il exactly fifs.r

s =85, .0 (1 -e Ky ), «k was taken as 1" for the sand and 0.33"

for the clay.

The following observations can be made,

A, Rough sand paper develops full soil shear strength, in sand
ot least. :A sandpaper'covered shear plate abo has the same
deformation and}siio‘sinkage characteristicseas one with
small lugs, compare Fig. 7.2.4. with 7.2,6,

B. Slip sinkage\oon be an effect of major importance in

| frictional soils but is much smaller in purely cohesive soil.
In studying Fig. 7.2.12..and comparing Fig, 7.2.1, with Fig.
Fig., 7.2.4, it needs to be borne in mind that the clay with

a cohesion of about 1 lb.in.'.-2

js“a,very weak soil, that
would not support the lightest cross-country .vehicle,
whereas the sand is compact and strong and would support even
an ordinary road vehicle. ‘

C. Slip sinkage can hLest be,described osba funotion of shear

deformation rather than shear stress, The sinkage goes on

rising after the horizontal force has reached its maximum,
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fixed sinkage.

The slip sinkage curves were asymptote to lines representing
a constant rate of sinkage - not as might be expected to a
This is illustrated in Fig, 7.2.7. where
results are shown from tests in which the shear plate was
started off at a considerahle depth, and also in Fig, %,2.8,

where major sinkage was prevented by a heavy surcharge .on the

'soil surface on each side of the shear plate.

Slip sinkage was less for stronger s01ls, even the add1t1on

of 1/10 1b, per sq. in, cohesion to the sand (achieved by

wetting it) was sufficient to reduce its slip sinkage
appreciably.
In sand the additional sinkage due to slip is roughly
proportional to the initial sinkage due to mean contact
pressnre; The ratio of the two decreases with increasing
contact pressure.

In clay however the additional sinkage is more near to
being constant.
In sand slip sinkage at a particulér contact, pressure is
only slightly reduced by increasing shear plate width, in
accordance with observation F, This is shown by Fig. 7.2.12.
Slip sinkage occurs in a manner similar to sinkage under
vertical load only, that is by lateral soil flow. The ruﬁture
planes bresk out on the surface closer to the sides of the
shear pléte and occur at a smaller vertical sinkage. The
soil therefbre behaves in a more brittle manner than it does

under vertical loads,
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I. The single set of results from the small annulué in dry sand
fit neatly into the summarized results for the linear shear
piates shown in Fig, 7,2.12, This is éncouraging in that it
suggests that the information necessary to prédict slip
sinkage can be obtained from existing Bevameters with only a
slight modification to enable them to measure annulus‘sinkage
as well as twist,

J. Theoretical approaches that assume a triangular prism of soil
to exist below the shear plate are supported by tests in
which a prism of wood covered with sandpaper was placed
beneath the 30" x 2" sandpaper shear plate. Compare Figs,
7.2.,6., and 7,2.10,

K. The 30" long shear plates showed similar slip sinkage
trajectories to the 90" plates and may be considered long
enough to represent infinite strips, Compare Figs., 7.2.6.
and 7.2.9.

7.3. The Basis of g Slip Sinkage Theory

The physical nature of slip sinkage can be appreciated by
considering the equilibrium of a triangular elemeht of soil
beneath the shear plate with sides sloping at 45° + g from the
horizontal, as shown in Fig, 7.3.1, It is assumed that the sides
of this triangle are failure planes, once the surface bearing
capacity has been exceeded, This is an assumption of most
bearing capacity theory and although is not kinematically
correct, it appears to give reasonably appropriate results, 1Its

use in this particular situation is justified to some extent by
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experiments in which the two-inch sandpaper shear plate was tested
on a 2" - 60° wooden triangle with the three sides covered with

- sandpaper, The results of normal sinkage and slip-sinkage tests
of the 30" x 2" sandpaper with and without the solid prism are
shown in Figs, 7.2.6, and 7,2,10, from which it is seen that its
presence makes very little difference,

To simplify matters the two cases of a purely frictional
soil and a purely cohesive one will be considered, The forces
acting upon a unit length of the elastic soil wedge beneath a
strip footing of unit width in sand are shown in Fig. 7.3.1la.
for the case of a vertical load per unit length which is greater
than the surface bearing capacity, so that,
from ze =0

‘v * S0 703.1.
2 [cos (45 + g) + sin (45 + g) tan ¢]

P

When the maximum horizontal load is applied to the strip footing,
the forces on the wedge change to those shown in Fig, 7.3.1b,
Part of the frictional force on the side of the wedge is now
used up carrying the horizontal load and less is available to
support the vertical load, and the normal force on the side of
the wedge will have to change from P to P' and the total
frictional force availahle will be P° tan @, of which only
2w

tan P*® - 2 will 2¢t in the vertical plane.
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From the vertical equilibrium we have:

( 2
-g=x>' cos (45+§)+ p --ﬁ- tan @ sin (45+g)

which rearranges to:

p2 [tan2 p sin® (45 + g) - cos? (45 + g)]+ p* [w cos (45 + g)}

2
[l + tan2 ()] cin2 (45 + g)]= 0

a quadratic which yields:

=

p' m y —.Cos B ;Jcos2 B + 1:gn2 9 sin B - cos® B 1 + t_gnzﬂ sin?
2 [tan2 ) sin® B - cos? B]

where B = 45 + g

This can be simplified to:

2 . . 2
P' - ‘\J [cos B cos ‘¢ = SIn ¢ SI'n B] L 2R 2N 2 LK ] . o0 7.3.2Q

cos 2 B+ cos 2 9

In a purely cohesive soil the situation is quite different
and the forces involved are shown in Fig, 7.3.2., Under vertical
loads exceeding the surface bearing capacity a unit length of the
wedge will be in equilibrium with a normnal load P and a shear
force of 2C acting upon the two wedge faces, These forces are
shown in Fig, 7.3.2a., and from considering the vertical

equilibrium it follows that

P = = - e o0 s 00 ) e Ve e
J,——/ I‘
When the full horizontal 1lcad of C lb. per unit leﬂgth the

forces change to those at Fig, 7.3.2b, and
P':-w- .-C-

\[7?.— 2 oo ces oo 7.3.4.
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From bearing capacity theory W can be between'about 5.1¢ at the
surface and 8,3c when the footing has sunk to a depth of 3b.

- Considering the situation when W = 6¢c, the effect of adding the
maximum possible horizontal force is to change the resultant
force applied by the wedge to the soil in the vertical plane
from 3.46¢ at 56° 18' to the horizontal to 3,77c at 52° 36°,
Both the increase in magnitude and decrease in angle would
require further sinkage to enable the surrounding clay to support
them, but it is to be expected that this will be small since the
changes are so slight,

A similar calculation was carried out for sand with § =
30° and the results are shown in Fig., 7.3.1c. It can be seen
that the applied force has increased greatly (18%) and the angle
to the horizontal diminished very appreciably, It is rather
obvious that if the sand were only just in equilibrium under the
vertical load only, then the effect of the additional horizontal
load would require considerable further sinkage in order to
restore equilibrium,

It seems then that slip sinkage occurs because the
effective shear strength of the soil, as far as vertical loads
are concerned, is diminished because some of the shear strength
is used up in supporting the horizontal load, The great
difference in behaviocur between cohesive and frictional soils

- arises fronm fheir different area dependent, versus load
dependent characteristics when considered in relation to the

conditions of equilibrium,

113




To really settle the mattér, the 'analysis needs to be taken
further to give the final equilibrium sinkage that the shear
plate would reach after the maximum horizontal load was applied,
Meyerhof's bearing capacity theory would have to be used as a
basis, because it is the only available analysis that takes into
account the growth of bearing capacity with sinkage.

An equilibrium sinkage could possibly be computed on the
basis shown in Fig, 7.3.3. The upper drawing shows .» wedge~
shaped footing with& = # that has come into equilibrium under
the applied vertical load W at a sinkage z, that would be
computed using Meyerhof's theory. The lower drawing shows the
slip sinkage situation transformed from a three-dimensional
problem to a two dimensional one, The footing base friction has
been reduced from P to A so that the passive pressure on the
wedge gives a force in accordance with equation 7.3.2, The value
of § for the soil in the plastic zones would have to be
approximately reduced to f' to allow for the effect of the
horizontal stresses, It might be possible to do this by
considering the three dimensional equilibrium of prisms of cross-
section ABCD in the same way as it was done for the triangle ABD.
This would probably suggest a varying effective ¢f, changing
from A at the side of the triangle to the full § at the line B E,
It may prove difficult to compute sinkages using spirals with
varying 9 and perhaps a further approximation resulting in a

fixed reduced ® may be possgible,
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The discussion so far has really been concerned with a
footing with a solid wedge fixed beneath it with sides sloping at
(45w+:g) to the horizontal and very rough surfaces, It seems
likely that the soil wedge will change in shape due to the
changing stress pattern beneath the shear plate, An attempt has
been made to describe the stresses beneath the plate and the
resulting direetions of principal planes and failure surfaces,
but without success, It does not seem possible to find a simple
pattern that satisfies both the conditions of equilibrium of a
Coulomb material at failure and the longitudinal symmetry of the
system, - However, it is believed that the hypothesis using the
fixed section prism describes well the physical mechanism
responsible for slip sinkage, The experiment with the sandpaper
covered wedge suggests that it may in fact be quite near to the
real situation,

The discussion of the physical nature of slip sinkage has
so far been conducted in relation to incompressiblé soils, 1In
loose soils the normal sinkage under vertical loads is partly
due to compaction and partly due to plastic flow, Slip sinkage
will presumably occur due to the reduction in effective shear
strength discussed previously, but additional sinkage may be
expected to be caused by additional compaction, Vandenberg31

has ‘shown that compaction in loose ‘soils is described by

where e is the logafithmic étrain (shear) and o is the applied

mean normal stress,
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The hydrostatic pressure causes some compaction by moving

together soil particles with some re-orientation, but the
imposition of the shear strain moves particles relative to)each
other, giving more opportunity for re-orientation and
consequently greater compaction, It is plain therefore that slip
will cause additional compaction,

The continuing sinkage after long horizontal movements is
one of the most interesting results of the experiments, It
occurs even at very low contact pressures cn hoth the sands and
clays. To determine if the 'slip sinkage would ever finish, sone
tests were carried out in which the shear plate was huried deen
in ‘the soil before it was forced to move horizontaliy. The
results are snown in Fig, 7,2,7.7 test 1 is the normai run with
an initiai sinkage under vertical load of 0.3" increasing to
2.2" after 10" of horizontal movement., Tests 2 and 3 started at
a sinkage of 2,3" and 4.4" respectively and both still show
increasing sinkage although at a slow rate.

Another test was conducted in which a heavy surcharge was
placed on the soil surface on each side of the shear plate,
before it was loaded, The results are shown in Fig., 7.2.0, and
by comparison with Fig, 7.2,5. it can be seen that the initial

sinkages of ,25" and ,95" have been reduced to zero by tle
surcharge. The ensuing slip sinkage is also reduced but shows no
sign of reaching an equilibrium value., It was at first thqught
that this was a frontend effect., As the shear plate noves

forward the front is always coming on to unstressed soil which
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perhaps cannot carry its share of the load, If this is so, then
the shear plate should be long relative to its total horizontal
movement if it is to represent an infinite strip, The plates
used were only 30" long which is short relative to the 15" of
horizontal motion, To check this idea a shear plate 90" 1long

x 2" wide was used in the dry sand with a typical result shown

in Fig. 7.2.9, which can be compared with Fig, 7.2.6, for the

30" x'2" plate, From these and other tests it was clear that the
length made no appreciable difference to the slip sinkage
(although it did affect the shape of the shear stress deformation
curve), It therefore appears that the front-end effect is not
important - probably because the fresh soil engaged is at a
considerable depth and is preloaded by the weight of soil above
it.

.A more plausible explanation can be reached by considering
the equilibrium of the wedge of soil which has previously been
assumed to move with the shear plate, It is a fundamental
characteristic of Coulomb Friction and soil - soil shear stresses
that they act in a direction opposite to the shearing motion or
strain, This is true of both frictional and cohesive shear
stresses but is not generally true of the relation between
complex stress and strain,

When a vertical load is applied to the shear plate it sinks
vertically and soil slides up the faces of the wedge causing the
shear stresses to act vertically. When the wedge is forced to

move horizontally, then the shear stresses act horizontally;
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some of the support is lost and the plate sinksf’restofing”h
vertical ‘shear force .component, hen the horizontal force =~ ~
reaches ‘its maximum value ‘the shear forces will act in the "
direction shown in Fig, 7.3.1b and 7.3.2b and the relative notion
between the wedge and the layer of soil adjacent to it must he ‘as
shown, (lNote, This is not the absolute direction of motion
because ‘the soil at the side of the wedge will alsc be moving,
increasing the horizontdl component of absolute motion),
Presumably the shear plate cannot apply a greater force to unit
length ‘of wedge than W tan @ or ¢ and at this point the wedge

may be ‘expected to stop moving while the shear plate slides along
the top of it, .Sinkage would then cease and the forces would -
remain as Shown at b in Fig, 7.3.1, and 2, This was precisely
what happened when the woonden wedge was used, with no positive
connection between wedge "and shear plate, Typical results are
shown in Fig. 7.2.9,

With a positive drive between wedge and plate however,
sinkage proceeded exactly as in the tests without the wedge shown
in Fig, 7.2,6, " In order that sinkage may cease the wedge would
have to move horizontally and the whole of the shear stresses
would then be horizontal and the wedge would be supported on the
normal forces only, This however, is not possible because it
requires greater horizontal shear forces on the sloping sides of
the wedge than can he provided on the top surface, In cohesive
soil this is simply because the sloping sides have 2 times the

_ Pt . . - 0
area of the top, :In a purely frictional soil with § = 30,
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if the wedge is supported only by forces P° normal to the wedge
sides, then P* = I and 2P* tan # = 2W tan @, twice the maximum
force that can be applied to the top of the wedge, It therefore
is clear that the force arrangements shown in Figs, 7.3.1a and b
are limiting cases, and if further horizontal movement is inposed
on the shear plate then it can be expected to go on sinking in
approximately the same direction as when the maximum horizontal
force was reached, The most unsatisfactory feature of this
discussion is that it is not at all clear why the wedge is obliged
to move with the shear plate once the maximum shear force is
reached,

7,4, Sliip Sinkage and Tracklayer Performance

A clear picture of the slip sinkage behaviour of an
infinitely long strip footing can be obtained from the tests with
the linear shear apparatus, The next step is to apply this
information to predict the behaviour of a model tracklayer with
tracks of the same width operating in the same soil, A
preliminary attempt to do this was made using the model tracked
vehicle set-up described in Section 2,3, It will be recalled
that the principal features of this are controlled drawbar pull
from weights and string, fixed location of the resultant soil
force on the track surface by use of a sliding balance weight and
measurement of sinkage at front and rear of the track and
distance travélled in each revolution of the sprocket, A crude
track link dynamometer was made to give an indication of the

pressure distribution beneath the track,
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The drawbar pull at a particular slip can be calculated in the
usual way from the shear stress deformation curves if there is
no slip sinkage. If there is, it is necessary to determine the -
sinkage at the front of the track and the trim angle 6. The
effect of the trim angle can be taken into account by means of
equation 7,1,5, and the initial sinkage by means of some suitable
rolling resistance theory.

The sinkage at each end of the track can be determined
graphically in the following way., Typical slip sinkage curves
for an infinite strip of the same width as the track are shown

in Fig, 7.4,1b, These are curves of slip sinkage z against

linear shear deformation j for various uniform contact pressures
O,y Oy Og, etc. A curve of o the mean contact pressure of the
tractor can be drawn in by interpolation, A vertical line cd can
be drawn in at j = i 1 and this represents the shear deformation
beneath the rear end of the truck of length 1, at a slip i, The
deformation j at the front of the track is zero, If the track is
straight and rigid then it follows that deformations j must grow
linearly along the track and therefore a *'j* axis is an "x' axis
to another scuale (related by jx = ix). It is also necessary that
sinkages grow linearly along the track length, These two
requirements are satisfied if the relation between z, j and x
from x = 0 to x = 1 at a slip 1 is represented by any straight
line such as fg or hk, The pressure distribution represented by -
such a line can be obtained from its intersections with the mean

contact pressure "contours", The line hk for example results in
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the pressure distribution shown at ¢ which evidently has a mean
pressure between Ty and Oge It also has a resultant normal
pressure acting to the rear of the track, as could happen under
normal circumstances due to load transfer from the drawbar pull,
A line such as fg will represent the z, j, x, 0 relation for a
tracklayer with a mean contact pressure 0 and no load transfer,
The corresponding pressure distribution is shown at Fig. 7.4.1d.
The locating of the correct line 'fg' can be carried out
quite accurately and very speedily using this graphical approach,
However, the whole business could be treated analytically if the
data of Fig. 7.4.1b could be represented by an equation of the
form z, = z_+ f (j,0) where z, is the slip sinkage, z  the
sinkage due to vertical loads only and f(j,0) a suitable function
The final sinkage

describing the growth of sinkage with slip,

and pressure distribution could then be obtained using

zi : ZV ,,+ f(‘]'d) LK X ) LN LN K J L2 2N ) 7.4.1.
Z‘i = A”\A+ Bj ¢ o0 L IR 2 J LR N ¢ & o 701;'2.
J =1x * e L I J . 00 *» 0 7.4.3'
From the vertical equilibrium of the tractor
x =1
2b /f. 0 dx = W cos O + [ sin O ces oes T.4.4,
x =0
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From the noment equilibrium of the tractor
x =1

ZbIG x dx = “1m+ I-ll1 LI N ) LK BN 2 L N 3 LR I J 7.4.5.

xX=0
The preceeding analysis assumes;
(a) that the pressure is uniformly distributed along the track
except for the effect of slip sinkage and weight transfer, i.e,
when the vehicle is self propelled without excessive sinkaqge or
any drawbar pull,
(b) that the initial shear and excavation as the track plates
are put on to the ground does not cause an undue front-end
effect,

It is not necessary to know the actual pressures beneath
the track to accomplish this prediction process, Preliminary
experiments were carried out on the wet sand and compared with
the slip sinkage curves of Fig., 7.2.2, 'These trials showed that
the tracklayer sank about twice as deep as the theory would
predict, A possible explanation would he that the pressure
distribution was far from uniform with the slip sinkage being
determined by the most heavily loaded point, To check this the
rather rough and ready track link pressure transducer was made
and a further set of experiments conducted in dry sanc,.

The results of a typical set of four runs at 0, 30%, 4,
50!, 1b, drawbar pull are shown in Fig. 7.4.3. The slip sinkage
curves of Fig. 7.2.4., are redrawn in Fig. 7.4.2. and the
theoretical straight lines representing the conditions of the

four test runs are marked on them., Lines representing the
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measured sinkages are also shown and it is clear that they were
systematically very much greater than expected, They in factv
followed closely the pattern that might be expected from a
contact pressure twice the actual figure.

This excessive sinkage was particularly apparent in'the
test at zero drawbar pull, When the tractor was carefully
lowered on to the sand it sank about 1/2" which with its mean
contact pressure of 2,2 ll:o.in.-2 accords well with the presSure
sinkage data of Fig, 4.1.2. or slip sinkage data of Fig. 7.2.4.
However as soon as it started up, even though there was no draw-
bar pull, its sinkage increased to ,85" and 1.80" at front and
rear respectively. Fig. 7.4.3a shows a contact pressure record
from this run; it is a good one in that it integrates to very
nearly the weight of the tractor and its centre of pressure is in
the right place. It shows (as did many other records) that the
pressure distribution is far from uniform, being roughly
parabolic in shape with a peak of 3.2 1b.in. 2 instead of the
mean of 2.2 1b.in. 2., & pressure of 3,2 1b.in.~2 could according
to Fig. 7.4.2. cause a sinkage of about 0.9 in. at zero slip
still only half the actual sinkage. A possible explanation is
that the tractor vibrated vigorously due to running a 1.1/2 in,
pitch track chain on a sprocket designed for standard 3/4" pitch
chain; this vibration caused the negative slip of -2% at zero
drawbar pull;

Four typical pressure records are shown in Fig, 7.4.83.

The first integrates to the weight on one track of the tractor
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but the others are far too small, even allowing for the effect

of the trim angle. No explanation was found for this; the obvious
one of interference from the shear forces on the track plate -
aprears to be unlikely because the dynamometer link showed
negligible cross-sensitivity in static tests. The records are
noteworthy in that they are much smoother than those publishig'32
showing tracki using conventional track rollers instead of the
skid suspension, It is interesting to note that there is a
distinct trend towards redistribution of the pressure from the
centre of the track to the ends as predicted theoretically in

Fig. 7.4.1,

These experiments were unsatisfactory because sinkages were
much greater than expected in a consistent and systematic manner.
The next step is obviously to carry out further experiments at
various contact pressures in other soils using a more reliable
type of track link pressure dynamometer. It would probably be

advantageous to use a larger track with a smoother drive.
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8, CONCLUSIONS

At the end of each conclusion, reference is made to the
chapter of the report on which it is based.

1, The primary objective of soil-vehicle mechanics
research today is the quantitative understanding of the
performance of simple vehicles in deep uniform soils., This
would provide guiding principles for more rational evaluation,
design and test methods, and an intellectual framework into
which field experience could be fitted to make a comprehensible
picture,.

Chapter 1.

2. The approach to soil vehicle mechanics pursued by the
Land Locomotion Laboratory involves explaining the reaction of
soil to .the complex loading imposed by vehicles in terms of its
reaction to simple loading by flat plates. This is correct and
is in fact the only available approach; it can give the work a
firm basis in soil mechanics theory and has been responsible for-
all the advances in understanding made so far, including those
contributed by overseas scientists,

Chapter 1,

3. The current state of the art is difficult to judge due
to the shortage of experimental results. What results there are
suggest that present theories work reasonably well for rigid
tracks on firm soils but deteriorate to a totally unacceptable

degree for wheels on soft soils. Despite this, the current




theory is a useful evaluation method if it is used by those
fully aware of its limitationéz used by others, it can at best
waste time and, at worst lead to incorrect decisions,

Chapter 1.

4, The main obstacle to progress is the lack of proper
facilities for conducting research in this field. The scientific
problems involved are considerable by any standards demanding
both theoretical and experimental skill and major engineering
achievements in the design of suitable equipment,

Chapters 1 & 2

5. Future experimental work should aim at the investigation
of the assumptions on which existing theories are based.

Chapter 1

6. The experimental work described in this report was
carried out as an isolated project and the equipment, soils and
processing methods had to be developed especially for it, Most
current work is done on this basis and it is totally
unsatisfactory, A land locomotion laboratory worthy of the name
must be able to provide large quantities of a complete range of
soils covering the purely frictional, mixed frictional-cohesive
and purely cohesive types in closely controlled and accurately
repeatable condition, The density and hence compressibility of
the § and ¢ - P soils must be controllable, The soils need to be
available in two sizes of container representing full size and
model conditions. Versstile equipment capable of testing wheels,

tracks and tires and various types of loading plates must be
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available to work in the soil bins,
Chapter 2.
7. Soil processing techniques can and should be
developed to give repeatability sufficient to make the adoption

of statistical methods unnecessary.

Chapter 3.1.
B, The fitting of experimental data to selected equations
is an important part of soil vehicle mechanics, Statistical
methods based on minimizing the square of deviations are totally
irrelevant to this process., A logical approach is described and
a technique suitable for pressure sinkage is proposed.
Chapter 3.3.
9., Contemporary soil-vehicle mechanics 'is ‘an analytical :
approach based on a mixture of elastic theory, plastic static
equilibrium, enpiricism and error. It needs consolidating into
an analytical approach based on the static equilibrium methods of
classical soil mechanics giving a theoretical basis for dense
soils from which compressibility can be dealt with empirically.
Chapters 1, 4, 5, 6 and 7,
10, The pressure sinkage equation p =(%£ + k¢) 2" is
inadequate,. The kc and k¢ suffixes are totally misleading. The
equation fits sand quite well; it does not suit cohesive soils,
The equation is diminsionally unpleasant. It does not fit bearing
capacity theofy for incompressible soils,

Chapter 4,6 and 4.7,
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11. A proper pressure-sinkage equation must have the fornm
p = f‘%). The equation p = (ck'c +B’% k'¢) f%)n is shown to fit
the experimental results for both sand and clay quite well, It
is dimensionally attractive and accords with bearing capacity
theory.
Chapter 4.6. to 4.9,
12, Present theories and approaches are only applicable to
deep uniform soils., Layered soils will need special treatment,
Chapters 1 and 4,6,
13, The practice of using circular sinkage plates is shown
to have neither theoretical nor experimental justification. It
is concluded that it is necessary to use rectangular plates of
aspect ratio greater than 5:1,
Chapter 4.2.
14, It is shown that there is a definite lower limit to the
width of plate that can be used in order to extrapolate up to
vehicle sizes, It follows from this and Conclusion 13 that a
Bevameter must employ minimum vertical loads of 2,000 1b,
Chapters 4.3, and 4.4,
15. The performance of trains of wheels may possibly be
explicable in terms of an intermittent loading test,
Chapter 4,5,
16, Meyerhof's bearing capacity theory provides an
excellent basis for the understanding of pressure sinkage
phenomena, It would be worthwhile to fully develop it in the

sinkage range relevant to vehicles and to attempt to extend it to
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cover compressible soils,
Chapter 4.6,
"“i7:='An‘equation has been deVelOped to take account ‘of the
thrust from the sides of grousers. The previous equation was
suspect ‘because it was based on elastic stress distribution, The
new one is based on plastic equilibrium and is supported by
experimental results,
Chapter 5.5,
18, A new equation to describe sinkage due to excavation
is proposed.
Chapter 5.6,
19, It is shown experimentally that linear shear devices
give a lower value of @ than confined tests. "This results in
having to use one value of P to explain the sinkage of a'towéd
wheel and another for the traction of a driven one., Further
iﬁvestigation is required.
Chapter 6.5.
20, Tt is pointed out that in cohesive soils, the effect
of the sides of the lugs on a Bevameter annulus needs to be
taken into account, An equation is developed to do this,
Chapter 6.2,
21, It is shown that in conditions where slip sinkage
occurs, the present type of surface shear measuring device is
subject to unwanted drag forces which cause an error in the

results. A new design is proposed to overcome this failing.

Chapter 6,3.




22, Slip sinkage is shown to be of considerable magnitude
in purely frictional soils but much less in purely cohesive.
Further investigations are needed to cover ¢ - @# and compressible
soils, Tt is suggested that it may be possible to measure slip
sinkage using a Bevameter with large annulus and recording
sinkage as well as torque and twist,

Chapter 7.2.

23. The basis of a theory of slip-sinkage in
incompressible soils is described, |

| Chapter 7.3.

24. An attempt to predict slip sinkage of a small vehicle
using.sqil daia from the linear shear rig or Bevameter failed.
The vehicle sank much further than expected., Only very limited
experihents were carried but ahd further investigation is required.

o Chapter 7.4,

25. No theory iﬁ soil-vehicle mechanics can be considered
proven unless supported by experimental results in dry sand, wet
sand, a range of ¢ - @ soils of varying compressibility and a

purely coheéive soil.
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Table L,1.1. Pressure as a functfon of sinkage for rectangular plates in

wet sand,
Sinkage Plate Size . _
L x 18 1 x18 2 x 18 3 x 18 4 x 18
15 779 7.78 6.65 8,25 8.33
1 8.89 - 8,60 . 8,20 10,55 11.05
s 10,55 9,72 - 9.443 11,85 12,80
2 11,65 11,40 11,50 13.40 14,50
2 14,42 13.35 12.75 15,00 16,20
3 - 16,65 15.60 14,45 16.75 .- 17.80
3 19.45 = 17.80 16455 18,60 19.45
L 21,70 20,30 18,30 20,60 21,10
s 24,45 22,80 20,50 22,75 22.80
5 27,20 25,30 22,75 25,20 24,70
5 30400 28,10 24,95 - 27.80 26450
6 32,80  30.80 27.4 ' 31.30 30,4
€5 35,50 33,90 29.5 33.10 32.5
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Table L,1,2.

sand,

Pressure as a function of sinkage for cfrcular plates in wet

Plate Size
Hnkege 1" Dia. 2" Dia, 3" Dia. 4" Dia, 5" Dia, 6" Dia,
L 10.2 796 7408 9.43 9.2 8.12
1 12.75 11.15 10.6 12.75 12,0 11.8
s 12,75 14,34 13.4 15.5 14,55 14,7
2 15.30 15.91 16.3 18,0 17.4 175
25 19.1 18,45 18.4 21,1 20,2 20.5
3 23.0 20,7 21.9 24,3 23,2 23.5
3 25,5 23.9 2L,75 27.5 26,5 26.8
L 31.9 27.1 28.3 31.0 30,4 324
s 38.2 31,2 31,8 3540 34,2 34,6
5 L4,6 35.0 36.1 39.4 38.8 39.4
55 51,0 39.8 540.3 L4, 2 by L Lh,5
6 57.4 43,0 46,0 k9,7 53.6 50,7
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Table L4,1,3, Pressure as a function of sinkage for rectangular plates in

dry sand,
Sinkage » Plate S{ze

ks x 18 1x18 2 x 18 3x18 - 4 x18
5 133 1.67 2,78 3.42 L,3
1 2,78 3,06 349 4,8 6.1
s LG b.16 5,0 6.3 7,36
2 5,77 5.56 6.25 745 8.5
25 7,21 6,68 745 849 9.9
3 8.88 8,06 8,9 10,4 1141
3 1.0 9,46 10.3 11.8 12.5
L 12.2 1.1 11.8 13.5 14,2
Bs 1hoh 12,5 13.4 15,2 15.9
5 1646 1445 15.3 17.0 17.8
5s 19.4 16.4 172 19.1 20,0
6 21.6 18 19,0 21.3 22,5
6's 23,9 20,3 21.7 23.9 25.6
7 26,6 22,5 24,2 2643
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Table L,1.4, Pressure as a functfon of sinkage for circular plates {n dry
sand,

Plate Size
Sinkage
1" Dfa, 2" Dfa. 3" Dfa, 4" Dia, 5" Dia. 6" Dia,
15 2.5L46 3.18 2,86 3.42 2.8 3.53
1 3.819 L,76 k.72 4,78 L 45 5.2L
15 5.09 6.36 6.43 6.22 5.75 6.7
2 6.365 7.95 7.85 7457 742 8.4
2% 7.638 9.5k 943 8.9 8,9 10,2
3 9.55 12,2 10,7 10,4 10,65 12,15
3 12,73 14.3 12,6 12,35 12,55 14,1
4 14,0 15.9 14,6 14,32 14,75 16,4
s 15,3 18.4 16.85 16,72 16.9  18.7
5 19.1 21,0 19.0 19.2 19.4 21.1
g5 22,9 23.8 21.7 22,3 22,5 24,0
3 26.7 26.7 24,9 25,5 24,9  26.4
€5  31.8 30,2 28,85 28,7 28,0 29,2
7 38,19 3hb 33.0 32,8 31.2 31,8
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Table L4,1.5. Pressure as a function of s{nkageffor‘rectangular*plétes‘1h
saturated clay.

Plate Size
Sinkage
- 1x 18 2 x 18 3x18 L x 18
s 3.61 2,86 2,27 L 2,57
1 5400 h,17 2,76 3.96
s 5456 k.78 bl k.70
2 5.84 5.25 5.04 - 5.15
25 6,06 5455 5.6 5.45
3 . 6410 5,78 5.61 5.68
L 6228 5.98 5495 6.03
6 6467 6,140 6,34 6.60
8 6.95 6.81 6495 709
10 > Te55 779 7.87 8.04
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Table L,1,6. Pressure as a functien of sinkage for similar rectangular
plates in saturated clay.

Strkage Plate Size |

1 x s 2x9 3 x 13% L x 18
PO L,23 3.00 2,86 2,81
1 5.34 L,33 3.83 T 331
|1 5.79 5.16 L. 4o 4,03
2 6.00 5.66 4,82 L,52
25 6145 6,00 5.14 L,86
3 6.90 6.23 5.39 5.15
L 735 6,40 © 5,80 5,61
6 7479 6.56 6.30 6.32
8 9.12 6.67 6.80 7.09
10 11.77 7.40 790 8.34
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Table 4,1,7. Pressure as a function of sfnkage for circular plates 1n
: saturated clay, o ‘

Stnkage Plate Size ﬁ
1" Dia, 2" Dfa. k" Dia, 6" Dia,
15 5.73 b1k 3.26 : 2,49
1 650 5.2 48 3.8
s 6450 6,21 | 5,97 4,60
2 6450 6.70 6.38 5,02
3 650 6.88 6.60 541
L 6.50 707 6,76 5,65
6 7465 7,16 6.67 6,01
8

7016 7017 6065
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Fig.l.l. An elementary crosswise strip from an effectively infinitely-
long strip footing and the corresponding element on a wheel
and a track. '
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Fig.2.2.1. Modified Bevameter, showing slow speed drive from triaxial
machine via hydraulic transmission.
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Fig.2.3.2. The photograph shows the tracklink dynamometer in the track chain and the
position indicating potentiometer, which is operated from the top run
of the other track. The diagram shows the arrangement of the strain
gauges on the dynamometer link.
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log 2

Fig.3.1.1. Typical pressure sinkage curves using one plate size.

(a) From the field.
(b) From the laboratory.
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Fig.3.3.1. An illustration of the proposed curve fitting method,
applied to p = kz", showing the resulting optimum
distribution of error.
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Pressure - p lb.in.

Sinkage - z inches

Fig.3.3.2. A family of pressure sinkage curves with the
same k and n values but with a range of misfit
to p = kz" of 5, 10, 15 and 20%.
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Pressure - p lb.in.
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Fig.4.1.1. Pressure sinkage curves for circular and rectangular plates
in compact wet sand.
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1 x 4%

2x9
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x 18

2 r L I
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Fig.4.1.3. Pressure sinkage curves for similar rectangular plates
in saturated clay.
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wheel 4 wheel 3 wheel 2 wheel 1

21 22 z

Sinkage z in.

(a)

wheel 2 wheel 3

(b)

Fig.4.5.1. The pressure sinkage relation after the successive
passage of wheels in the same rut. ’ -
(a) Plate sinkage test results.

(b) Effect on wheel pressure distribution.
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Bekker assumption //////

/

Land Locomotion Laboratory assumption

Fig.4.5.2. A comparison between the effects of repetitive loading
assumed by Bekker and the Land Locomotion Laboratory.
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Results of an interrupted loading test using 4" x 18" plate

Fig.4.5.3.
in saturated clay.
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Fig.4.5.4. Results of two interrupted loading tests using a 4"‘dié.
plate in wet sand.
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soil. (after Meyerhof)
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Fig.4.6.8. Bearing capacity factors N, N and Ny for ¢ = 30°

as functions of sinkage width ratio on logarithmic axes.
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Fig.4.8.2, Typical X-Y plotter traces from four penetrations with a 18" x 1"
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Sinkage exponent - n

Maximum error - e

1.2 .
\
1.0 ———
-\.
0.8 ¢} \,
0.6 |
0.4
0.2 -
0 1 2 3 4
Plate width - b in.
0.25
0.20
0.15 o - .
.\ /
0.10 ./ T
—
0.05
0 1 2 3 4

Plate width - b in.

Fig.4.8.6. Analysis of mean pressure sinkage relations for

rectangular strips of different widths, b, in dry sand.
The exponent n and the maximum curve fitting error e
using the equation p = kz" are plotted against plate
width,
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16

14
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Fig.4.8.7. ‘The relation between k in p = kz" and k" in p =

K"
s X
/
/
/
[ /
/
/
i /
X
/
/
/
/
/
/
/”/
///’
* k
Y ./
/7
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1 7
.-x/
0 1 2 3 4

Plate width - b in.

and plate width for rectangular plates in dry sand.
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24 1

22

20 ¢t

18

16

14 |

12 1

104

xkll

0 1 2 3 4
Plate width ~ b in.

n
Fig.4.8.8. The relation between k in p = kz" and k" in p = k"‘%}

and plate width for rectangular plates in wet sand.
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Sinkage exponent -~ n

Maximum error - e

1.2 ¢
1.0 ¢ .
0.8 ¢} .
0.6 } . ‘ \\\
0.4 ¢
0.2 ¢
0 . 2 3 Y
Plate width - b in.
0.25%
0.20 ¢
0.15}
0.10¢% . . .\\\\\\\\\\\
0.05¢ .
0 T > 3 2
Plate width -~ b in. i
Fig.4.8.9. Analysis of mean pressure sinkage relations for -

rectangular strips of different vwidths, b, in wet sand.
The exponent n and the maximum curve fitting error e

using the equation p = kz" are plotted against plate
width. '
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Pressure - p 1b.in. 2

3" x 13?"

1 A s 'Y

s 1 ‘ 1;, ' 2 2k 3 3%

: z
Sinkage-width ratio b

' "Pigi4.8.10. Pressure plotted against sinkage-width ratio for similar.rectangular

plates in saturated clay.
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-2

Pressure - p lb.in.

2" dia.

-
L

1" dia.

] 1 1% 2
Sinkage-width ratio

z
b

%

3%

Fig.4.8.11. Pressure plotted against sinkage-width ratio for circular plates

in saturated clay.
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-2

Pressure - p 1b,in.

4" x 18"
3" x 18"

2" x 18"

1" x 18"

) 1 1% 2 2% ‘ 3 3%
Sinkage-width ratio %

Fig.4.8.13. Pressure plotted against sinkage-width ratio for rectangular plates
in saturated clay.
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Pressure - p lb.in.

40

35

30

25

n
o

15

10

7

~

Wet sand 4" x 18"
¢ =0.11b.4n."2
¢ = 320 2" x 18"

Theoretical

 Experimental

e

4" x 18"
2" x 18"

Dry sand
c=0 @ =32°

1 1 61 1 1 L 1

(4] 1 2 3 4 5 6 7
Sinkage - z in.

Fig.4.9.1. A comparison of experimental pressure sinkage curves in sand

with those calculated from Meyerhof's theory.
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-2

n= O,k'c = 8.3

n=.17, k' =7.2

n = .14, k'c = 6.75 \

Pressure - p lb.in,

L o e ——
—

-
- - .
-~
g
yd Mean of experimentsl results

s I

¥ 1 Bt 2 2% 3 3%
Sinkage width ratio -E

Fig.4.9.2. A comparison between theoretical and expé:inenul pressure sinkage curves
in saturated clay, '
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Slip

/VBIOCity

(a)
P
z
l + shear
c
¢ B A c
T + compression
F
-—— ¥z ——»

(b)

Fig.5.5.1. (a) The shear plane at the side of a track.
(b) The general state of stress at the side of a track.
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(a)

(b)

Fig.5.5.2. Stress states at the side of a track.
(a) Maximum stresses - passive state.
(b) Minimum stresses - active state.
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(a)

piane ¥

(b)

NS

45° -

< 111

Fig.5.5.3. (a) Principle planes at the side of a track.
(b) Plan view of principle plane cube
intersected by failure plane F.

184




T 0,
00 t
FQ
0" plane

Plan of track

Slip ~——->
F

90° - ¢

0., plane

Failure plane E

\ N\

View on 0" plane

r _.l / Q View on 0" e plane
d

Cross section through track

P

Fig.5.5.4. Orientation of failure planes relative to track side.
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HORIZONTAL FORCE LB.

200

100

e shear from Equ.5.5.1.

Side shear from Equ.5.5.6.

200

- 300

- 400

500

400 500 - 600 700

Main shear force
W tan # using @ ~ .55

®© Experimental values .
measured from bottom line
as dimension X_-

Measured Bulldo? g Force

Fig.5.5.8. Analysis of the total horizontal force on a 30” track plate
4" wide with 2" deep lugs. ,
(Data from table 5.5.1.)
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.

HORIZONTAL FORCE LB

1 2

- Side ahear‘from Equ. 5.5.1.

100
o -
o] ©
= ? Side shear from Equ. 5.5.¢.
100 200 300 400 500 600 700
HBIGH7 1B,
100
X
Main shear force
200 Wtan ¢ using ¢ = 55
300
O Experfmental values
measured from bottom line Entrained sofi}
400 as dimension X
Measured Bulldozing Force
500

Fig.5.5.9. 4nalysis of the total horizontai force on a

4" wide with 4"
(Data from table

deep lugs.
5.5.2.)
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2" lugs, 2" sinkage 6" lugs, 6" sinkage
312
600
E_} 62
} 200 1200
. C1 400 .
5 B| 600 ,-f'. ‘lsoo
.. N
i
-l -l
al 3
o] A a
_E 2880 - A v 2880
- ;
a
i A A - i i 1 .
0 % k' 3 1 0 9 ¥ 3 _%
Cohesion 1b.in."2 Cohesion 1b.in.
3.6 6.6 9.6 3.6 6.6 9.6
Iy A i [ . 1 3
Bearing capacity Bearing capacity
5000 1b. 5000 1b.

2“'

]

0 = 8.3 1b.in. ™2

-3

¢ = 30°

.060 1b.in.

A = Main frictional pull --- W tan ¢

B = Base cohesive pull --- 2blec .

C = Lug side cohesive pull --- 4hlc )

D = Lug side cohesive-frictional pull --- 4hlc (2 sin? (45 + -) - 1)
E

Lug side frictional pull --- 4hlz; (tan (45 + g) cos (90 - @) )

Fig.5.5.10. A practical example of the effect of lugs on draw bar pull.

191




~——————P> Direction of travel
> h

Directian of slip 4-——— — o« —> % /N
g D77
| I3 <—J "
%T///////W/\///A(////
<— e — — (1-1)e
Sl e

Fig.5.6.1. The process of excavation due to slip of a lugged track.
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Excavation sinkage x h"

(a)

(®)

10

10

20 30 40 50 60 70 80 90 100
Percent slip

soll
surface

soil

surface ”

soil

surface W

V.20

7 ]

Fig.5.6.2. (a) Relationship between excavation sinkage and slip.

(b) The rut filling process at the rear of a slipping
track. '
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Fig.5.6.3. Track print from model tracklayer operating at 507 slip in
clay, showing standing sliding blocks beneath each track
plate. Some flow has taken place.

0 =5.51b.in.72, ¢ = 3.5 1b.in. "2

Fig.5.6.4. Track print from model tracklayer operating at 50% slip in
clay, showing collapsed blocks filling all the space beneath
each track plate. All test conditions the same as in
Fig.5.6.3. except, for higher tractogzweight.

0 = 11.2 1b.in.”%, ¢ = 3.5 lb.in.
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Drawbar pull

% slip

(a)

(b)

Fig.5.7.1. (a) Slip pull curve for a tracklayer with contact pressure
considerably less than the surface bearing capacity in
. frictionless clay. ,
(b)Y The marks made by a crawler tractor with low contact
' pressure operatlng at about 15% slip in clay. Flow
beneath the lug tips has occurred and the blocks of
‘clay diminish in size and develop the characteristic
crescent shape tgwards the rear. 2
O, = 2.6 lb.in. “,cohesion = 2.9 1lb.in.~
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Fig.5.7.2. Bevameter annulus print in clay, showing the effect
of clay flow beneath the lug tips. The torque-twist
curve for this test is shown on Fig.5.7.3.

0, = 0.44 lb.in.'z, cohesion = 2.9 1b.in."?
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700

600

8

8

Torque - 1b.in.
W
Q
o

200

100

3. A 3.

1 , 2 3
‘Horizontal movement at mean radius - j in.

Fig.5.7.3. Typical Bevameter annulus stress~deformation curves in clay.

Annulus 10" o.dia. 7%" i.dia. 5/16" lug heigBt.
Mean radius 4.4'. Clay cohesion 2.9 1b.in. .
The photograph of Fig.5.7.2. was taken from the § =
test of this series. : T :
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Horizontal force - H, 1b.

or

Torque,

T in 1b.

& ©

Normal pressure 0 1b.in.

Fig.6.2.1. The determination of ¢ and ¢§ from an annular
or linear shear test using shear plates with
lugs of height h.
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Present Bevameter
measures torque on
all surfaces below
here.

Proposed to measure |
torque on surfaces
below here only.

Fig.6.3.1. Proposed new design for annular shear device
to minimize drag.

199




1
L] LB LB  § L3 ]

(a)
j\/ l-j ]

(b)

—— § —>
3
T x
Distance along plate, in,
(c)

Fig.6.4.1. The kinematics of a linear surface shear plate
of finite length.
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Smax.

Shear stress ratio

tal Land

-
=3

1 2 3 4 5
Deformation ratio i](-

Fig.6.4.2. A comparison in dimensionless co-ordinates of the
shear stress-deformation relation for an infinitely
long shear plate and one with a g ratio of 10
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>

Horizontal deformation j

Fig.6.4.3. The kinematics of a éircular surface shear plate
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S

Shear stress ratio

1.0

Smax.

Annulus 3.625" o.rad. 2.625" i.rad.

nulus 2%" radius. N.I.A.E. shear box.

1.0 1.5 2.0 2.5

i i : A A [

T T Y
0 30° 60° o 90° 120°
- . Angle of twist - (0. Radians and degrees.

Fig.6&4.4. A combarison of the stress angle of twist relation for
an annular and a circular shear box. Based on
equation 6.5.4., assuming K = 1.
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—_— L

g_D
W
v
(a)
S
<z 7
(b)
W
s
/ v
W
L<
\
\
S N
(c)

Fig.7.1.1. Vehicle-soil loading systems and corresponding

foundation problems.

(a) Track, bevameter annulus and longtitudinally
loaded strip foundation - an unsolved problem

(b) Laterally loaded strip foundation - a partially
solved problem. No real vehicle equivalent

(c) Wheel and laterally loaded square footing - a
partially solved problem.
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VW

Pig.7.1.2. Forces acting on an inclined tractor, with a trim angle ©
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- Drawbar pull - ﬁéight ratio

i ) A [

5 10 15 20

Trim angle @

Fig.7.1.3. The reduction in drawbar - pull weight ratio with
increasing trim angle for cohesionless soils with

varying ¢

207




81

) *feio uy
s8n1 % Y3ITa a3wid Iways Ipya ,z ‘8u0y ,,0f ‘3IuUSmIAOW [BIUOZFIOY
3sujeSe o8eyuls dy(s puw 92103 Iw3juoziioy Bujmoys svpeal 293301d X-X °1°2°L 874

*uy { - Juswesowm [¥IUOZTIOH
o1 8 9 4

<t

BaR

K

i
-4

% S S

‘uyp f - JusmsAOm [WIUOZTACH

*ql - 99103 TEIUOZTIOH

208




'pues 39 ul 88N % Yy3im °3eid spra g ‘3uor ,0f
~uorjom jwjuoziaoy jsujeSe o8equys dy(s pue 90303 [vIUOZFioy Buimoys soowIl a93301d X-X ‘g 7 L'814
*ug _. - juswaAouw JEIUOZTIOH
01 6 8 L 9 S Vi € 4 1 (4]
N . S . . 7 B i -
= - in ['{«ld & d [3 . - - - AT
i 14
N gNar
= (1001 m
iy v ] I ] ] ﬂ.
- AL 3 [ o
X L6861 [ Nl n 8
et = 1 [od
- =]
Fr T = A 3 007 &
g S s 4
- E , N * 8
AY A 1 )
[+&d 0 - - ] | =t y .“
Py o . I~ 5 \ A -
¥ 11 E. [+ - \ ot ..u m
rife L N |-
= | L =4 1P
Py
= . - QoY
€
~ 2
v E: ] ™ =
i =
N A o
— [+
& bt A 4 '
P lf/ N
= N [
- N mu
= N
1 4 —
N1
o
Py
| L
—l
= = - —— 0 “
01 . 6 8 . L 9 S Y € (4 1

‘Wt [ - Juewoacm TRIVOZTACH




‘pues L1p uy 8y % Yata 93wid spya 41 ‘Buor ,0¢ .
‘uoyjom ywauozixoy sujele s8wjuis diie pue 93103 JEFIUOZTIOY Suyaoys saowal 193301d X-X '€°2° (‘814

‘uy [ - JuswSACm T¥INOZTIOH

[0) ¢
—— .
jm J_,
RN RTES 1
1 “, 002
" ; S
T
—
00¢
Y
ooY
€
4
1
AR Tt 0

9 S Y €
‘uy [ - JUSWAAOW TBIUOZJIOY

*ql - 9510 TBIUOZTIOH

210

‘Ul z - 88ejuig



‘pues £1p uy 88n] % yia ajerd 2pim 7 £q Buor ,0¢
*uorjom [wjuczTIoy 3suyele sSejurs dI(s pue 92103 [BIUCZIIoY Butmoys sadwal 183307d X-X ‘4°Z°L 314

‘ur [ - jusweaow [BIUOZTIOH

oz 81 91 91 [A o1 8 9 Vi [4 0
. - . ¢ , - -
i - M by
d B3 1 L
! %4 _ - Tk o “a
h ] n—
: - " =
i A = n; oy NE 6 a1l o0
jFily ih B+0-9% ! 1
ad £ v b
LA
4 w—— = A7 - OOA.Wn
j =4 n o Fid h | dalel hd i I ]
. . =1 1 LY P AR DI AL o n
i e = T \ \ = )
- 5 o Val =4
I VY (TTA [ad
- l.hw T - =t Tl &5 i L A T pT_.
! ] Y1 e I [
= I I el ha P 1. 002 m
3 = AL i S o
it a N CAY.N [¢]
1A B9 =P 1001 '
e a
FT\N o 3 m\‘.n‘n D \,_\ o . ”‘N.
.U £ ™77 { _ o
p [ p ~ 00¢
-
=~ Y
— L
-
a e - T
-
" = _ N
o 1.
i | ~ !
; (4l 3 L N 00
B |
L : _ NEn €
N R oy A, ! [
! ™N i 3
, ., i Pt N TN T 5
i — ™ i ~
— T~ ™~ RN g
B ) ]
. - I = L M O
3 — : z [
: 1 |- -] - N ]
. Pt e NN ,
_ L | . 3 l»/M ) 5
| 1 g AN _
[ i~ NN |
; 9911 ] RN T D
o B
w et ] ,
i . T
ERuREs TS -
= - B S A e
T .
L !
(I X S 0 00 0 e . — = 8 _
. <<4W - i 4 - -1l - L Ao
1) 8 L 9 < Vi € 4
‘ut [ - juswsaowm T¥3uOZTIOY

211




*puss £L1p uy #8nyY ,% yaia azed agays apia % £q Buoy ,,0¢
. *uoyjom (w3juoziioy jsuyeBe IBwnuis dyys pue 2d10J [®IUOZTIAOY mcwsosm s30®13 193301d X-X 6 7 L8114

<uf [ - jusweAom [wJUOZTIOH

*ql - 9210 1VIUOZTIOY

‘uy z - a8enujsg

‘uy [ - Jusweacw T®3IUCZTIOf

212




‘pues £ap uf aadedpues 28100 YIIA Pa1saod 93eld iedys °2pTa 7 £q Suol ,,0¢
‘uoT3jowm Tejuoziaoy 3suyede a8equjs dI[S pue 95103 JeIU0ZTIOY Surmoys sooeil 193307d A-X

rut [ - juswesom [®JUOZTIOH
8

9

4

L

814

‘q] - 99103 1eIUOCZTION

ki €

213




*sBejyuys uF-Snp [EIITUT I[qEAPPISUOCD ® wolj BuUTIIWIS UGYA UIAI INDO0 03 EINUFIUOD
sSwyuye-dyre ey3 Sujaoys puws L1p uy s8ny X Y3ITA wid Iways Ipia .y £q Buoy ,,0¢
‘uoyjom (w3uczyioy jsujeSe eBexuis dyls pue #o10j [wjuczjioy Fuymoys §30w13 133301d A-X R AVRE S ¥ ¢

‘ut §{ - juswerow 1EIUOCZFIOH

414 (0] 8 9 Y < o]

—

-

i

-1
4
i
-
1
b
|
-
@

‘ut [ - juswaaow J¥IUOZTIOY

‘ql .- 99103 J¥IUOZYTIOH

‘ut z - 38%eyuis

214




*98sjurs [PWIOuU Juasnexd o3 y3nous pe3aeysans

8T 1108 USym udA® senujiuod a8ejurs dy1s Jeyl Bufmoys a3e]d Jo °pys yowo odeyans
puws uo aBasyoans -qf 00f ‘pups Lip ur s3ny % y3Tm 23wid aways o9pIa b £q Buol ,0f

‘uojjom jejuoziioy 3sujeds adwiuis dJ[s pue #2103 Jwiuoziioy Bulmoys sIdea3 xa33o7d x-x 8z L 814

*uy [ - jusweAow [EIUOZTAOH

014 81 91 it 21 OA 8 9 o]
A [ ﬂ “ : _ :
"7
17 = KR
LI~
[ n ! A -
sht [deby oh 1
¥ N2k K | i
L ]
i
et sl
/i
.Ji,‘ — - L
p=
B 1§ id G ...dﬂ 7
T - ¢ =
=
Ft—
; ES :
HON h M .
= !
k. N
T “ = ™ D
2 [ E TR T i, - I -
o Ty A A e cia®e e T Am M=
o1 6 8 L 9 S . i € o

‘ur [ - JUBWIACE ]BIUOZTIOY

*ql - 99193 [BIUOCZTIOH

215




+1adedpues 281v0d Y3ITA paiaaod 23wld aways 3pia ,z £q Buoy ,,06
‘uoyjom [w3uozjioy suivBe e8wquis diyeé puw 3o10F [wIuocziaoy Buimoys sIdw13 233301d X-X *6°Z°L°834

‘up [ - jusweAow ®IUOZTTIACH
0]

o~
-

PR - ol

€
‘ut { - JuowdAOw TBIUOZTIAOH

- #3103 [w3UOZTIOR

‘q1

*ut z - aBequls

216




*S9p¥s 991yl T1® uo aadpd-puve 281800 PW®S IUJ YITM Paida0od wstad uspoom

SPTA 7 009 ® uo Sujpuris iaded-pues 951800 Y3IIa paisAod 93vid aedys 9pTa ,,z £q Buol ,,0¢
‘UOTION Teiuczixoy jsuieSe a8ejquls dIis puv 203103 JrIuczTaoy SulMOys $20BAI ae3lj01d X-X *01°'7 L 3td

‘uf { -~ JuOWBACW TEIUOZTIGH

074 91 1 z1 " 01 8 9 Vi 4 (¢}
Gl dn ; . 5 T T T T i §
R TR i : n r 3
— g o
-5. AR . _ Y, ﬂh!lr_
AN ! NL.
. F rYseTy L
.M 3 _‘ W M A ,.I
r B |l
ra
X -
1 V.4 001
" ol ] A A
= ¥, . wa " oo Ml A A - pd ]
- > Am”j N Ll i
¢ I ] W o
RN MARNA o
3] N C! , N.Bm v ~
M; h‘u - N £ 8N
’ S
I ......W:A\mﬁ B . RN e
- At - A A
I ] VK i i v Mk id W
] - [¢,0]%
B S k4
e
- I
) A A RSN
- - 1 N 8#
] “ ; : £
bl ) c uﬂ{l - ,.L N
—
™ N
a z
X N
| g
] i
(5 I .=
\
- N1
| T~
e -~ e Q
01 6 8 L 9 S Y € C 1

*UF § - JUGHOAOR [BIVOZTACH

*ql - 9210F JBIUOZFIOH

‘uy z - ¥Bequrg

217




*pues 4Lip ujy
*uy G/1°€C enypea uwIW ‘®aIw ,°UF GT61 °TIP°T wkC "BFP°O ¢ Bula ieays IPINUUB 183°UBASIY
*uojjom [w3ucajaoy Isujedw IBwyuys dy[s puw 2210] 8528 1WIYS Suynoys saop13 1933014 A-¥X "11°¢°'L'Bid

gayouy °snipea ussw 3yj 3v { - JuswsAom TEIUOZTIOH
o1

*§83135 aeaYs

2yenbs auo

‘ur°qr 91°0

S
seyouj ‘snipea uwam ayj 3I® [ - JusWIAOW TEJUOZTIOY

218




-fe1o pue pues
jom ‘pues Lap ul se3e(d Ipdys JuUsSIPIFIp I0F 2inssaid 3oeJUOD IO
uoTjouny B SB SOYOUT f FO JUSWLAOW [BIUCZTIOY B I93JE S3BNUTS [BIOL ‘71724814

- UF'qT O - 2anss91g 3oRIUCH UBSK
L 9 S Y ¢ 4 T

¥ A] 1 R) ) Y

snjnuue % X %/ o

¥ xHx0€ °
aodedpues 7 X 06 Vv
aadedpues g X 0O¢ + , pues isM
: *x7zx0
% X7 X 0¢ X% .

% X%

% X 7 %0¢” o

pues £iq -~

% x %1 % 0g” .

% X 7 X 0¢g

‘ut z - 98e)uis

219




unit

-

w width

motion

(b)

(c)

Fig.7.3.1. Forces acting upon the soil wedge beneath a unit length
of an infinitely long shear plate in sand. (# ~ 30°, ¢ ~ 0)
(a) Under vertical load W
(b) Under the same vertical load W plus the maximum
horizontal load W tan ¢
(¢) Numerical value of the magnitude and direction of
the load applied to the soil

220




=

motion

4motion

(b) 6c

P’

(c)

Fig.7.3.2. Forces acting upon the soil wedge beneath a ﬁnit length

of an infinitely long shear plate in clay (@ = 0, ¢ = ¢)
(a) Under vertical load W

(b) Under the same vertical load W plus the maximum
horizontal load c.

(c) Numerical value of the magnitude and direction of
the load applied to the soil.
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Fig.7.3.3. Failure mechanism to be usé.d ih prop‘osed 8lip sinkage theory
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Weight W

\Drawbar Pull L
- ]

n
¢ (a)
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z
h Linear deformation j c
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b Distance along track
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Distance along track

Fig.7.4.1. Prediction of slip sinkage and pressure distribution
beneath a tracklayer.
(a) Vehicle and axes.
(b) Slip sinkage curves for infinite strips.
(¢) Pressure distribution with load transfer.
(d) Pressure distribution with zero load transfer.
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Horizontal ‘deformation - } in.
0 1 2 3 4

- T T '

0= .53

0=1.67

‘\\\\ 0=2.2

, b
(0= 3.3

3L
0=5

s b
0=6.7

Fig.7.4.2. Slip sinkage curves for a 2 in. shear plate in dry
sand, with lines representing the predicted and
actual sinkages for the four tests of Fig.7.4.3.
The measured sinkages were clgose to those for a
contact pressure of 5 1b.in.'2 whereas the actual
mean pressure was 2.2 lb.in.~
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Contact Pressure 1lb.in. 2

—

Re

- 2.66

L 2.22

D.B.Pull Zero Diagram Area 11.8 in. 125 1b.
Sinkage front .85 in. Slip -2%
Sinkage rear 1.80 in. ~-.18
Trim angle 3%°

Jmax

1

'l 1

6 14 12 10 8 6 . 4 2 0
ar Distance along track - inches Front
D.B.Pull 30% 1lb. Diagram Area 10.45 in. 112 1b.
L Sinkage front 0.9 in. Slip 3.9%
Sinkage rear 1.9 in. jmax .35 in.
L Trim angle 3%
1
-

D.B.Pull 41 1b. Diagram Area 9.35 in. 100 1b.
Sinkage front 1.05 in. Slip 13%

Sinkage rear 2.45 in. j 1.18 in.

Trim angle 50 max

1 1 I i

i

D.B.Pull 50% 1b. Diagram Area 8.55 in. 91.5 1b.
Sinkage front 1.45 in. Slip 29.4%

Sinkage rear 3.13 in. Jpax 2-65 in.
Trim angle 6° . | 1 1 1 1

Fig.7.4.3. Pressure distribution records obtained from the track
link dynamometer and results of drawbar pull tests in
dry sand. Vehicle weight 142 1b.
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